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Preface 


The carbon-carbon triple bond is a common structural motif in organic chemistry. 
Only during the past two decades, however, has it become a mainstay in the tool¬ 
box of synthetic organic chemists, biochemists, and materials scientists. Both as a 
building block and as a versatile synthon, the fascinating and sometimes unpre¬ 
dictable chemistry associated with the alkyne moiety has fueled many of the 
most recent advances. A decade ago, the monograph Modem Acetylene Chemistry 
documented an emerging renaissance in the chemistry of the carbon-carbon triple 
bond. Over the past ten years, this renaissance has evolved at an astounding rate 
and acetylenes now constitute a principal class of compounds in nearly all areas 
of chemistry and materials science. 

The explosive growth of acetylene chemistry has particularly benefited from the 
development of new synthetic methodology based on transition metal catalysts and 
metal acetylides. An acetylene unit can now be introduced into nearly any desired 
molecule, large or small, often with surprising ease. Metal acetylides are key com¬ 
ponents for generating new nucleophilic reagents suitable for asymmetric addition 
reactions into electrophilic multiple bonds. The chemistry of early transition metal 
acetylides is especially rich, providing a fascinating class of compounds with re¬ 
markable synthetic potential. Acetylene chemistry has also driven the development 
of new methodology such as electrophilic addition reactions that allow the deriva- 
tization of this high-energy functional group into hetero- and carbocycles of signif¬ 
icant interest to both synthetic and medicinal chemists. Alkynes are also versatile 
synthetic building blocks for the formation of natural product analogues and 
hybrid structures. For example, combining the hydrophobic, rigid, and linear attri¬ 
butes of acetylenes with the hydrophilic and chiral framework of carbohydrates 
affords derivatives with interesting structural properties and biological activity. 

The advent of fullerene and nanotube chemistry in the 1990s inspired the search 
for other molecular carbon allotropes, and the hunt for both linear and cyclic allo- 
tropes consisting of sp-hybridized carbon continues in earnest. The study of car¬ 
bon clusters, both linear and cyclic, spans from astrophysics to fullerene formation 
and advances in synthetic methodology are propelling efforts on all fronts. Acety¬ 
lenic carbon rings can now be generated in the gas phase by a number of routes, 
while acyclic polyynes with lengths of several nanometers can be produced in un¬ 
precedented quantities with a range of terminal appendages. Cleverly designed 
acetylenic scaffolds can also serve as precursors to carbon-rich structures such as 
fullerenes and bucky onions. These recent discoveries provide for the tantalizing 
possibility of designer fullerenes with engineered shape and size. 
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Structural rigidity and electronic communication which is essentially unper¬ 
turbed by conformational effects are the hallmarks of the acetylene moiety. 
These attributes make it a highly versatile component for conjugated scaffolds, espe¬ 
cially when coupled with the extraordinary advances that have been achieved in 
metal catalyzed cross-coupling reactions. Nowhere is this more evident than in 
the spectacular array of molecules that have been assembled based on an arylene 
ethynylene framework. The synthesis of macrocycles based on arylacetylenes has 
now evolved to the point where constitution, physical properties, and chemical 
reactivity can be controlled in exquisite detail. Many of these molecules have 
been structurally tailored to exhibit specific properties of use in semiconductors, 
nonlinear optical media, liquid crystals, and sensors. Shape persistent acetylenic 
macrocycles can provide ordered systems based both on super- and supramolecular 
chemistry, resulting in tubular superstructures, two-dimensional networks, hosts for 
molecular recognition, and even adaptable systems that conform to external stimuli. 
Oligomeric, dendrimeric, and polymeric systems based on arylene ethynylene sub¬ 
units are now widely viewed as some of the most important semiconducting organic 
materials. Vital to the successful application of these materials is the development of 
a much more thorough understanding of the key aspects of their synthesis, electro¬ 
nic structure, and organization into well-ordered films. The fruits of these efforts 
include synthetic polymers with programmed solid-state organization and ultra-sen¬ 
sitive molecular sensors for TNT. Arylene ethynylene structures incorporating chiral 
1,T-binaphthyl subunits provide yet another appealing dimension to these materi¬ 
als, and optically active acetylenic scaffolds suitable for asymmetric catalysis, non¬ 
linear optics, and polarized emission have all been realized. 

Complementing the efforts of synthetic and experimental chemists are the sub¬ 
stantial achievements of theoretical chemists in their ability to both model and pre¬ 
dict the properties of acetylene-rich molecules. The ever-increasing power of com¬ 
putational hardware, coupled with the development of new and improved numer¬ 
ical methods, have made theoretical modeling a vital tool in the evolution of mod¬ 
ern acetylene chemistry. These efforts have shed light on topics ranging from the 
fundamentals of homoconjugation to the prospect of utilizing acetylene-based 
molecular wires as components in molecular electronics. 

The eleven expert authors that have contributed to this monograph collectively 
offer a rich overview of the modern face of acetylene chemistry, as well as a detailed 
analysis of more subtle aspects that can dictate the success or failure of a particular 
experiment. Considerable emphasis has been placed on outlining the most recent 
advances in key areas of this discipline. We hope that this monograph offers to the 
novice a taste of the fundamental issues that motivate this exciting field of science, 
and to the expert the specific details on synthesis and applications necessary to 
stimulate the future of acetylene chemistry. 

The editors wish to thank Dr. Elke Maase at Wiley-VCH for an enjoyable colla¬ 
boration in the preparation of this book and Ms. Annie Tykwinski for designing 
the cover art. 


November, 2004 


F. Diederich, P.J. Stang, R. R. Tykwinski 
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R2CPD 

resonance two-color photodetachment 

REMPED 

resonance-enhanced multi-photon detachment 

RHF 

restricted Hartree-Fock 

rt 

room temperature 

SAM 

self-assembled monolayer 

SCF 

self consistent field 

SERS 

surface plasmon polariton-enhanced Raman spectra 

SHG 

second harmonic generation 

SSH 

Su-Schrieffer-Heeger 

STM 

scanning tunneling microscopy 

STO-3G 

minimal Pole basis set 

T 

thymine 

TBAF 

tetrabutylammonium fluoride 

TBDMS 

tert-butyldimethylsilyl 

TBS 

tert-butyldimethylsilyl 

TCNQ 

7,7,8,8-tetracyanoquinodimethane 

TD 

Time dependent 

TDDFT 

time-dependent DFT 



Symbols and Abbreviations 

TEBAC 

triethylbenzylammonium chloride 

TEE 

tetraethynyl-ethylene 

TEM 

transmission electron microscopy 

Tf 

trifluoromethanesulfonyl 

TFA 

2,2,2-trifluoroacetic acid 

TGA 

thermal gravimetric analysis 

Th 

Thexyl, 1,1,2-trimethylpropyl 

THF 

tetrahydrofuran 

THP 

tetrahydropyranyl 

TIPS 

triisopropylsilyl 

TIPSA 

triisopropylsilylacetylene 

TLC 

thin layer chromatography 

TMEDA 

N, N, N', N' -tetramethylethylenediamine 

TMS 

trimethylsilyl 

TMSA 

trimethylsilylacetylene 

TMU 

tetramethylurea 

TNT 

trinitrotoluene 

TOF-MS 

time-of-flight mass spectrometry 

Tol 

4-tolyl (4-methylphenyl) 

Ts 

p-toluenesulfonyl 

Tr 

trityl (triphenylmethyl) 

U 

uracil 

UPS 

ultraviolet photoelectron spectroscopy 

VEH/SOS 

valence effective Hamiltonien/sum over states 

VSEPR 

valence shell electron pair repulsion 

VPO 

vapor pressure osmometry 

VUV 

vacuum UV 

ZINDO 

Zerner intermediate neglect differential overlap 
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Theoretical Studies on Acetylenic Scaffolds 

Remi Chauvin and Christine Lepetit 


1.1 

Introduction 

Ten years ago, Houk demonstrated that along with experimental analysis, theore¬ 
tical analysis could not be ignored for advanced understanding of the specific prop¬ 
erties of acetylenic compounds [1]. In recent years, the growing power of computa¬ 
tional facilities, the optimized implementation of performant methods in various 
software packages, and the development of new theoretical tools (faster and ex¬ 
tended coupled cluster (CC) methods, new density functional theory (DFT) func¬ 
tionals, time-dependent DFT (TDDFT), advanced topological treatments of the in¬ 
formation contained in the electron density through the atoms in molecules (AIM) 
[2], and electron localization function (ELF) [3] methods,...) prompted more and 
more chemists to consider theoretical modeling as a key tool. This tool is used 
at either of two levels: (i) a posteriori, for analysis of the properties of known com¬ 
pounds, or (ii) a priori, for selection of synthetic targets with specific properties 
among potential molecular structures suggested by empirical laws governing the 
chemist’s intuition. This intuition is formally sustained by more systematic sug¬ 
gestion tools, such as the “analogy principle” (variation of some structural unit 
through structural units with the same valence, such as a terminal atom through 
all the halogens), the “vinylogy”, “cumulogy”, or “ethynylogy” principles (insertion 
of CH = CH, C=C, or C=C units between a few pairs of conjugated atoms), or the 
“carho -mer principle” (insertion of C sp -C sp units into at least all symmetry-related 
bonds of a Lewis structure (Scheme 1.1)) [4]. The last of these principles allows 
for fine-tuning of the notion of carbon -rich molecules [5] to a notion of carbon- 



Scheme 1.1 Acetylenic expansions, becoming carbo -meric expansions if applied to complete sets 
of symmetry-related bonds of a parent molecule [4], 
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enriched molecules: indeed, carho -merization does not corrupt the personality of a 
parent molecule “too much”, as it preserves many of its basic features (connectivity, 
symmetry, shape, n-electron resonance, CIP configuration of asymmetric centers, 
...), while just expanding its size through its acetylenic content. 

A natural question concerns the variation of pre-existing or emerging properties 
as a function of the acetylenic content. Theoretical modeling allows for systematic 
screening and targeting prior to the undertaking of possibly tedious experimental 
syntheses. It should be emphasized, however, that many constructed expanded 
acetylenic scaffolds intentionally contain butadiynyl units (C 4 ) and are quite sym¬ 
metrical. This holds to the efficiency and variety of oxidative C sp -C sp coupling pro¬ 
cedures from terminal alkynes, which also motivated theoretical investigations of 
their mechanism [6]. 

This chapter presents selected advances (with special emphasis on results 
published since 1995) in the theoretical analysis or prediction of the properties 
of acetylenic scaffolds in a sequence based on dimensionality [7]: 

1.2 Linear acetylenic scaffolds 

1.3 Cyclic acetylenic scaffolds 

1.4 Star-shaped acetylenic scaffolds 

1.5 Cage acetylenic scaffolds 

1.2 

Linear Acetylenic Scaffolds 

1 . 2.1 

The Dicarbon Molecule and Acetylene 

The empirically observed statistical even/odd carbon atom disparity in organic mo¬ 
lecules [8] can be arithmetically interpreted by saying that the latter are made of 
“carbon pairs” rather than of carbon atoms. The bonded carbon pair, C 2 , is the uni¬ 
tary “brick” of acetylenic scaffolds. This molecule can be observed in the form of 
the blue light of hot hydrocarbon flames [9] (e. g., during the pyrolysis of acetylene 
itself [10]), but also occurs under various conditions (diamond vapor deposition, 
laser ablation of graphite, in carbon-rich stars and comets...), and it was quickly 
proposed that it might assemble into the C 60 fullerene [11]. The MO diagram of 
the 1 T g + ground state corresponds to the (2o g ) 2 (2o u ) 2 (ln u ) 4 configuration, and is 
nearly degenerate with the first triplet state ( 3 n u ). For the state, the simplest 
orbital criterion (six bonding and two anti-bonding electrons) corresponds to the 
:C = C: description. Higher bond orders (approximately 3.7) were, however, as¬ 
signed by Wiberg or natural population analysis (NPA) [12], in accordance with 
the experimentally determined bond length (1.242 A) and harmonic frequency 
(1855.0 cm -1 ) [13], which are well reproduced by CCSDTmethods and non-iterative 
approximation thereof [14]. The bond is indeed shorter than more stable C SJ ,= C SJ) 
double bonds (e. g., approximately 1.280 A for butatriene at various experimental 
and theoretical levels [15]). The 'E* state was thus depicted as a resonance hybrid 
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Figure 1.1 Localization domains of 
the acetylene molecule (ELF = 0.8) [3a], 
The two red basins represent the carbon 
inner shells; the two blue ones the C—H 
bonds, and the green torus the C=C 
bond. 


:C=C:<-kC 3C-<-»-C3C:, as derived from Feynman’s diagrams [16]. If the formal 
C = C octet form is excluded [12], the classical Lewis resonance accounting both 
for the spin state and for the bond length of the + state would be: 
:C=C:<-» + C=Cr<-T:C=C + . Similarly, a consistent picture for the 3 I1 U state would 
be ':C-C:'<->'C=C-. These pictures suggest that the C 2 units might efficiently 
transmit n electron delocalization (vide infra). 

In unstrained bonding situations, the biscarbenic character of the C 2 unit disap¬ 
pears. In acetylene, for example, the chemical shape of the three-bond rod can be 
visualized through the ELF localization domains (Figure 1.1) [3a]. According to the 
axial symmetry of the molecule, the three bond domains expected for the triple C-C 
bond are degenerate and merged into a torus: there is no a/n separation, in 
variance with the classical view of organic chemists. 

1 . 2.2 

Uncapped pure sp Carbon Chains [1] 

Many theoretical studies of all-sp carbon clusters C„ show that the open linear form 
is preferred over the cyclic form for n < 10, though cyclic forms of short n-even 
chains (C 4 , C 6 , C 8 ) do compete [17]. The converse holds for n >10 (see 
Section 1.3.2.4), but open chains are known for odd n = 3-29 [18]. 

Optimized geometries at various level of theory indicate that the octet deficiency 
of carbon chains is partly made up by a strong cumulenic character both for C 2m+1 
chains ( 1 Z g + ground state with equal bond lengths of approximately 1.30 A) and for 
C 2m chains ( 3 Z g “ ground state with less than 2% bond length alternation). Al¬ 
though DFT calculations did not accurately reproduce experimentally determined 
or CCSD(T) singlet-triplet separation, both the local density approximation 
(LDA) [19] and the use of gradient-corrected (BLYP) [20] or hybrid (B3LYP) func¬ 
tionals gave relevant results in terms of geometries and harmonic frequencies 
[21]. Hund rule-reliable Lewis representations of small carbon chains are given 
in Scheme 1.2. With regard to the contribution of zwitterionic forms, it should 
be mentioned that a TD-LDA treatment showed that the longitudinal polarizability 
increases from approximately 7 A 3 (n = 3) to approximately 490 A 3 (n = 21), namely 
more rapidly than n, and more rapidly than the polarizability of the corresponding 
polyenes with the same number of valence electrons [18]. 
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Scheme 1.2 Main Lewis forms for ground state C 2m+1 and C 2m (m = 1-8) accounting for both the 
bond orders and the spin state. 

Calculations of various excited or charged (C n “, C n + ) states of linear carbon chains 
have been carried out at high levels of theory, especially by coupled cluster meth¬ 
ods, which proved to be useful for reproduction or prediction of experimentally 
measured electronic spectra [22], electron affinities (EAs), ionization potentials 
(IPs), or dissociation energies (DEs) [17]. 

Efforts devoted to theoretical studies of linear carbon chains are motivated by 
their uniques properties, such as their role in fullerene growth or, more recently, 
in the field emission of electrons from carbon nanotubes or in the origin of the 
diffuse interstellar bands (DIBs) [18]. 

• C n chains of nanometer sizes (n = 10-100) can be generated by electric field-in¬ 
duced unraveling of the inner graphene wall layers of carbon nanotubes, and are 
then responsible for emission currents of 0.1-1 pA under bias voltages of less 
than 80 V [23]. Indeed, linear C„ chains (n = 3-11) were calculated to pass rele¬ 
vant tests to qualify as metallic atomic wires with ease, but open-shell w-even 
chains give currents 100 times as intense as their closed-shell n-odd neighbors 
[19]. 

• A challenging goal in radio-astronomy is understanding of the origin of the 
DIBs, silent bands of frequency in the visible-IR spectra of interstellar clouds 
[22]. DIBs were previously proposed to be caused by linear carbon chains [24], 
and some of them could recently be identified with optical gas-phase electronic 
transitions of anionic representatives [25]. An alternative to the difficult experi¬ 
mental determination of the characteristics of such transitions is their calcula¬ 
tion. A partial attempt using experimental energies and theoretical (TD-LDA) os¬ 
cillator strengths of C 5 -C 21 carbon chains provided a few qualitative coincidences 
with observed DIBs [18]. 

The octet deficiency of carbon chains can be completed by closure to cyclo[»]car- 
bons (see Section 1.3.2.4), by simple doping, by end-capping, or by passing from 
the molecular status to a material status through infinite expansion [26]. Whereas 
end-capping is the topic of the next section, doping can be exemplified by neutral 
and charged carbon clusters [C 2n Xf, which have been studied at the DFT level 
when X is a main group metal atom [27]: the cyclic w-diacetylide-type structures 
C—C—X—C—C are favored over the open-chain isomers for q = 0 and X divalent 
(e. g., X = Mg) [28], or for q = -1 and X monovalent (e. g., X = Na) [27]. Similar stud¬ 
ies have been conducted with transition metal atoms, including with X = Pt at the 
B3LYP level [29]. 
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Finally, infinite expansion affords carbyne (ID sp carbon allotrope), the missing 
link between atomic carbon and graphite (2D sp 2 carbon allotrope), which may be 
hybridized with the latter to design graphyne and related allotropic structures [30]. 
Although the carbon allotropes are beyond the scope of this chapter [31], it should 
be mentioned that several theoretical studies have focused on the possible struc¬ 
tures and promising properties of these challenging materials [32]. 

1.2.3 

Capped all-sp Oligoacetylenic Chains 

1.2.3.1 all-sp Oligoacetylenic Chains between Redox-Silent Organic Groups 

The recently surveyed state of the art of the characterization of doubly capped 
acetylenic chains XC 2 „Y prompted a comprehensive study of lower representatives 
(Scheme 1.3, n < 6) at various level of theory (HF, MP2, MP4, CCSD(T), B3P86, 
B3LYP, with various basis sets) [33a]. 


X—(-C=G 


X, Y = H, CH 3 , Ph, Na, F, l CN, O, S, Se,... 


Scheme 1.3 Capped polyacetylenics. 


For X = Y = H, let us first remind ourselves that the possible structures of small 
C„,H 2 molecules (m = 3, 5, 6, 7) have been investigated by various ab initio calcula¬ 
tions (see, for example, refs. [33b—f]). For larger polyacetylenic representatives (m = 
2 n, n < 6), geometrical, vibrational, and energetic (heats of formation, ionization 
potentials, electronic affinities (EAs)) properties display regular variations with 
respect to n [33a]. At the HF level, the C=C and C-C bond lengths were found 
to converge to different values (1.190 A and 1.366 A, respectively), while the EAs 
decrease from 4.15 eV for n = 1 to 1.19 eV for n = 5. These results were extended 
by DFT studies of higher representatives (n = 6-12) [33]. The B3LYP level was ar¬ 
gued to be relevant not only for the 1 Z g + ground states of the neutral species, but 
also for the 2 I1 U or 2 II g ground states of the radical anions [HC 2 „H] ”. In the latter, 
the bond length equalization increases with increasing n, while the adiabatic EAs 
of the neutral species increase continuously from 1.78 eV (n = 6) to 2.95 eV (n = 
12). The number of calculated stretches in the 1900-2200 cm -1 region support 
the hypothesis that long [HC 2 „H ] q species (q = 0, -1, n > 6) could contribute to 
the DIBs [34]. It may be commented that the results from references [33a] and 
[34], though referring to different methods, could suggest that the EA is at its 
minimum around (1^5. 

Chaquin et al. recently reported a comprehensive structural and vibrational study 
of the HC 2 „H molecules up to n = 20 at the B3LYP level [35]. The results confirm 
the persistency of bond length alternation with increasing n, and a systematic cor¬ 
relation scheme afforded asymptotic values of 1.229 A and 1.329 A for triple and 
single bonds, respectively. As would be expected, the asymptotic bond length alter- 
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nation (0.10 A) is smaller than that obtained at the HF level (0.17 A) [33a], but the 
DFT estimate is supported by excellent fits with experimentally obtained data. The 
alternation was also visualized through the ELF localization domains in C 30 H 2 [35], 

Polyynes have also received much attention, as they are predicted to exhibit large 
second hyperpolarizabilities [36]. Beyond ab initio calculations on simple diacety¬ 
lene derivatives [36d-e], high level ab initio studies (SCF, MP, CCSD(T)) with 
large basis sets show that the static hyperpolarizability increases with increasing 
C=C bond lengths [37]. The bond length alternation (BLA) parameter, which is 
a determining factor of nonlinear optical properties, was compared for polyyne 
chains at various calculation levels (PM3, ab initio, DFT) [38, 39]. The static second 
hyperpolarizabilities (y of linear polyynes up to C 160 H 2 ) was calculated [36b, 39] 
and, as in the case of polyenes, y/n c versus the number of carbon atoms n c satu¬ 
rates beyond n c 50. Similarly, deprotonation and double deprotonation energies 
of polyynes containing up to 40 carbon atoms were shown to decrease towards an 
asymptotic limit of 370 kcal mol -1 [38b]. 

For X = Y = Ph (Scheme 1.3, n < 6), DFT studies of a,to-diphenyl polyynes of D 2h 
symmetry accounted for the effects both of the chain length and of the phenyl end- 
caps on the fluorescence properties [40]. The fluorescent excited state switches 
from l 1 B 2u (n x n x *) for n < 2 to 1 1 A„ (n x n y * or 7i y JTj*) for n > 3. 

For X = Y = O, S, Se, the acetylenic character is expected a priori for the triplet 
states (Scheme 1.3). The OC 2n O molecules are much less stable than the cumulenic 
“odd” carbon suboxides OC 2n+1 0. The first member of this series is ethylenedione 
C 2 0 2 (i. e., the dimer of CO or the carbo- mer of 0 2 ), which has hitherto evaded un¬ 
ambiguous experimental observation. On the basis of CCSD(T) calculations, it was 
recently suggested to be an intrinsically short-lived molecule [41]. The monosulfur 
analogue C 2 OS [42] and the higher cumulogue C 4 0 2 could, however, be identified by 
comparison between calculated and experimentally measured IR or UV spectra [43]. 
Recent calculations at the UB3LYP/6-311G* level support the view that all triplet 
structures XC 2 „X (X = O, S, Se; n < 4) possess a 3 Z g ground state with trivial 
spin contamination [44]. Both the C-C bond length alternation and the C-X bond 
lengths confirm the contribution of the acetylenic form 'X-(C=C) M -X\ 

For X, Y = H, CN (Scheme 1.3, n < 9), the corresponding cyanopolyynes 
H-(C 2 )„-CN and dicyanopolyynes NC-(C 2 )„-CN are regarded as isolable model sub¬ 
stances of the carbyne allotrope [45]. The variation of the HOMO-LUMO gap (AMI, 
HF or MP2) and of the ZINDO-calculated UV spectra accounts for the experimen¬ 
tally observed Lewis-Calvin bathochromic shift with increasing n {A 2 = fen). The ob¬ 
served regioselectivity of dienophile cycloadditions at the Cp=C y bonds is consis¬ 
tent with the highest positive Mulliken charges at the Cp and C y atoms 
(Scheme 1.4). Since the positive charge is greater at Cp than at C y , the weight of 
the long-range charge separation (y) is greater than that of the shorter-range one 
(x) (Scheme 1.4). The increase in cumulenic character with increasing n, also sys¬ 
tematically evidenced at the B3LYP level [35], would thus be consistent with a paral¬ 
lel increase in the y/x ratio. The occurrence of the zwitterionic resonance forms 
would also account for the o-coordination ability of the nitrogen atoms toward 
main group metals as evidenced by DFT calculations [46]. From a more applied 
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Scheme 1.4 Schematic charge separations in dicyanopolyynes. 


standpoint, DFT-calculated low vibration frequencies of cyanopolyynes have also 
been claimed to be relevant for possible assignments of spectroscopic absorptions 
in interstellar media [35]. 

For X, Y = H, F, or Na (Scheme 1.3, n < 5), the electron distribution in the cor¬ 
responding polyynes has been studied at the MP2/6-31G** level within the form¬ 
alism of the electronegativity equalization method (EEM) [47]. In contrast to the 
atomic charges, the charges of the X-C=C- and -C=C-Y termini and those of the 
(n-2) intermediate -C=C- units were found to be additive. For example, given n 
= 5 and X, Y = Na, F, the charges of the i th unit in the heteronuclear and homo- 
nuclear molecules are bound through: [Q;(FC 10 F) + Q;(NaC 10 Na)] [Q ; (NaC 10 F) 
+ Q;(FC 10 Na)]. This gives support to the view of the C 2 units as “compact” building 
blocks (see Section 1.2.1). 

Much weaker than conventional hydrogen bonds, intermolecular or 

C-H...7T interactions have been attracting increasing attention [48]. In particular, 
several ab initio and DFT studies have focused on the hydrogen bond-accepting 
ability of triple bonds [49]. The ab initio intermolecular potential for acetylene slid¬ 
ing perpendicularly along a polyyne (Figure 1.2) was calculated at the MP2 level 
and was used to refine an MMC (molecular mechanics for clusters) model poten¬ 
tial for polyynes [50]. The T-shaped interaction energy of acetylene with the triple 
bond at the end of the chain reaches an asymptote of-372 cm -1 . As the acetylene 
molecule slides along the chain, the intermolecular potential is essentially flat with 
only small bumps (Figure 1.2) (acetylene interacts slightly more with the triple 
C=C bonds than with the single C-C bonds). This extended smooth intermolecular 
potential zone produces weak bonding slipperiness of acetylene along the polyyne 
chain. 



Figure 1.2 Perpendicular sliding of acetylene along a polyyne H(C=C)„H (n = 2-5) at fixed 
distance between the center of mass of acetylene and the polyyne molecular axis (4.5 A) [50], 
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1.2.3.2 All-sp Oligoacetylenic Chains between Organometallic Termini 

Besides their potential applications in homogeneous and heterogeneous catalysis, 
alkynylmetal complexes are thermally robust, available in high yield, and attractive 
for their conducting and nonlinear optical properties. Among a very large number of 
theoretical studies on such complexes, a few recent results are highlighted below. 

In monometallic complexes, theoretical studies have aimed at better understand¬ 
ing of metal-alkynyl bonding [51]. Through the use of the ADF program and the 
bond energy decomposition scheme designed by Ziegler and Rauk [52], metal-to- 
ligand backbonding energies were calculated for a set of o-acetylide complexes of 
electron-rich metal centers such as M(X)(PH 3 )„, with M = Fe, Ru, Os (X = Cl 
and n = 4, or X = C 5 H 5 and n = 2) [53, 54]. As expected, the n backbonding in¬ 
creases with the electron-withdrawing ability of the phacetylide substituent and in¬ 
creases from Fe to Os. However, 7t bonding effects are relatively small in relation to 
the dominant metal-alkyne a bonding. The backbonding energy is accurately cor¬ 
related with the experimentally determined or calculated quadratic hyperpolariz¬ 
ability [55], but not with the u(MC=C) IR stretching frequency, which is indeed 
lowered by coupling with the stretching of the adjacent bonds. A similar DFT 
study of the influence of terminal substituents on the n backbonding in metallacu- 
mulene complexes has also been reported [56]. 

Studies of the homo- and heterobimetallic complexes have focused on the elec¬ 
tronic communication between the metal centers through the polyyne bridge 
(Scheme 1.5) [57, 58, 59]. 



Scheme 1.5 Examples of homobimetallic complexes where electronic communication is 
assumed by polyyne bridges [64b], 

In L„,M-C-C-ML m complexes, the C 2 molecule (Section 1.2.1) is stabilized as a 
p-diacetylide ligand [31, 60]. DFT calculations allow two classes of dicarbido 
complexes to be identified, the metals lying in pseudotetrahedral coordination 
spheres [61]. For early metals of the Ti, V, and Cr triads in high oxidation states 
with Tt-donor ligands, the coordination mode (M — C=C—M, M=C = C=M, or 
M=C-C=M) depends on the d n configuration. In contrast, for metals of the late 
triads (from Mn onwards) in low oxidation states with 7T-acceptor ligands, only 
the M—C=C—M coordination mode is observed whatever the metal cT configura¬ 
tion. 

The generalized valence flexibility (M-C=<->M=C=<->M=C-) has been ele¬ 
gantly studied by natural bond order (NBO) and AIM analyses for even- [62] or 
odd-numbered [63] carbon chains, depending on the metallic end-caps. In the 
case of C 4 chains bonded to electron-rich metal fragments (M = Fe, Re, Ru, 
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Scheme 1.5) [64], the neutral complexes are best described by a M-C=C-C=C-M 
Lewis form, while the doubly oxidized ground state is best described by a cumule- 
nic + M = C=C = C=C = M + form. However, the triplet spin state with a dominant 
+ M-C=C-C=C-M + character is close in energy. The diversity of the low-lying elec¬ 
tronic states of these complexes would be expected to be associated with switchable 
physical or chemical properties. 

The localization properties of sequential triple bonds bridging a mononuclear Ru 
fragment to a Co-carbon cluster were compared by ELF analysis. The shape of the 
ELF localization domains is related to the nature of the metal-ligand bonding (i. e., 
a-donation versus n backbonding) [65]. The electronic structures of complexes con¬ 
sisting of two {FeL„}-C=CC=C- chains linked by a third metal center (Hg) have 
recently been described [66]. 

For long metal-capped polyynes asymptotically approaching the sp-carbon allo- 
trope, Gladysz and Szafert proposed a classification of the carbon chain conforma¬ 
tion based on a nonlinearity parameter (NLP) calculated from X-ray diffraction data 

[67]. 

1.2.4 

Hybrid sp-sp 2 Oligoacetylenic Molecules 
1.2.4.1 Oligoenynes 

The simplest representatives of this class are cis-a,(3-enediynes. These have at¬ 
tracted considerable experimental and theoretical interest owing to their behavior 
in the Bergman cyclization, which is responsible for the anti-cancer activity of sev¬ 
eral derivatives [68]. Their gas-phase structures were thus studied at a high level of 
theory [69] in the context of accurate studies of the cyclization mechanism, which 
has been reviewed recently and so is not repeated here [68]. 

Higher oligoenynes capped with suitable termini to ensure stability and solubi¬ 
lity are model systems of poly(diacetylene) (PDA) or poly(triacetylene) (PTA) 
(Scheme 1.6), which may exist in trans or cis forms. These conjugated organic oli¬ 
gomers and polymers can be easily processed, and have potential applications in 
conductivity, magnetism, photoconductivity, electronically stimulated light emis¬ 
sion, nonlinear optics, and photorefractivity. The structural features governing 
the conducting properties of PDA (as compared with those of polyacetylene or poly¬ 
thiophenes) have thus long attracted theoretical interest [70]. The interconversion 
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Scheme 1.6 Acetylenic and cumulenic forms of poly(diacetylene) (left) and poly(triacetylene) 
(right). 
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between the polyenyne and polybutatriene forms (Scheme 1.6) has been studied at 
the CASSCF level, through the characterization of the low-lying excited states of 
both forms [71). 

The dependence of electronic and optical properties of PTA oligomers on the 
chain length have been studied up to the hexadecamer [72]. AMI geometries, 
INDO gas-phase ionization potentials and electron affinities (EAs), and VEH/ 
SOS second-order hyperpolarizabilities (y) have been calculated: EA and y values 
increase up to the octamer, and then saturate at around ten repeating units, in 
agreement with experimentally obtained results. 

The third-order optical nonlinearity of PDAs and PTAs would be expected to be 
enhanced in the trans-e nyne forms. Phenyl-terminated cis-oligodiacetylenes were 
expected to be locked towards cis/trans isomerization through incorporation of 
the ene moieties into ring systems (Scheme 1.7). Whereas the crystallographic 
structure is found to be planar, gas-phase PM3 calculations show that the helical 
conformation is more stable, consistently with NMR measurements suggesting 
that the cisoid conformation of the dienyne units is preferred in solution [73]. 



Scheme 1.7 c/'s-Oligodiacetylenes with the ene moieties parts of 
cyclopentene rings. 


Backbone-substituted oligo(triacetylene) chromophores have also been designed, 
for tuning of their third-order nonlinear optical properties [74]. Insertion of a 
n chromophore heterospacer into a central butadiyne unit (Figure 1.3) expands 
the conjugation in two dimensions, and was expected to enhance the second hyper¬ 
polarizability [75]. Moreover, transition metals coordinated to these hybrid oligo¬ 
mers may act as electronic bridges in star-shaped associations (Figure 1.3). The cal¬ 
culated variation of the second hyperpolarizabilities with the nature of the spacer is 
in good agreement with experimentally obtained results. 
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Figure 1.3 Oligo(triacetylene) chromophores with a central heterospacer between two diethy- 
nylene units [74], 














7.2 Linear Acetylenic Scaffolds 


Let us finally mention that the poly(triacetylene) hexamer served as an illustra¬ 
tive example of the applicability of the new program SIXW. C. This program is 
based on the CNDO/S-CI method with inclusion of double excitations, and allows 
UV/visible spectra of fairly large molecules to be computed [76]. 


1 .2.4.2 Oligo(ethynylphenylene)s 

Oligomers of ethynylphenylene (for which the acronym “EP” is adopted here) 
(OEPs) have been extensively studied for molecular electronics and photonics pur¬ 
poses. While the m- and o-EP oligomers may adopt helical conformations [77], p-EP 
oligomers (Scheme 1.8) are considered to be rigid rods, suited for the design of mo¬ 
lecular wires with various properties (reversible one-electron oxidation or reduc¬ 
tion, electroluminescence, nonlinear optics,...). 


Scheme 1.8 Generic structure ofp-EP oligomers (hydrocarbon 
p -EP oligomers correspond to X = H, Y = Ph). 

The geometries of linear and cyclic oligomers made of n = 3-10 p-PE repeating 
units were calculated at the HF/6-31G level, and the corresponding electronic spec¬ 
tra and second hyperpolarizabilities (y) were calculated at the semiempirical level 
[78]. It was found that the asymptotic y/n values extrapolate to 5.15 and 3.93 X 
10 5 a. u. for chain and ring compounds respectively, indicating they are promising 
third-order NLO materials with good transparency to visible light. Mixed vinylphe- 
nylene/ethynylphenylene oligomers were also investigated at the semiempirical 
level [79]. Their simulated spectra are in good agreement with experimentally ob¬ 
tained data, and highlight the effect of the central aromatic ring on the nature of 
the lowest excited state. 

The conformational behaviors of OEPs are closely related to the effective extents 
of conjugation. DFT torsional barriers of simple tolan analogues (possibly with aro¬ 
matic nitrogen heterocycles instead of the phenylene rings in Scheme 1.8) have 
been calculated at the B3LYP/6-31+G* level. The molecular flexibility of these com¬ 
pounds is different in the gas phase and in aqueous solution, as evidenced by clas¬ 
sical molecular dynamics (MM3 force-field) [80]. Even at low temperature, free ring 
twisting dominates in the gas phase, becoming almost periodic after a few picose¬ 
conds of equilibration, while random conformations are predicted in solution. This 
random twisting is expected to affect the fluorescence properties of these com¬ 
pounds significantly. Indeed, rigidity favors fluorescence, making intramolecular 
dissipation difficult. Molecular dynamics was also used to describe the arrange¬ 
ment of the chains of block copolymers containing one conjugated p-EP segment 
and one or two non-conjugated segments (e. g., -(OCH 2 CH 2 ) m -) [81]. 

EP polymers also possess light-emitting diode properties. The detailed mechan¬ 
ism of this phenomenon, and especially the role of the triplet excitations, is not yet 
established. Configuration interaction calculations have thus been performed in 
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Figure 1.4 Schematic representation of the MRTD and NDR properties of OEPs. 


order to describe the singlet and triplet excited states of OEPs [82]. Intersystem 
crossing from the singlet to the triplet manifold by spin-orbit coupling is possible, 
and results in a mixing of the singlet and triplet wavefunctions. The role of chain 
length and of ring twisting on the intersystem crossing process has been studied. 

Another promising property of OEPs in molecular electronics is their behavior as 
molecular resonant tunneling diodes (MRTDs) with negative differential resistance 
(NDR) when disymmetrically grafted between two metallic contacts (Figure 1.4). 
The structure-activity relationship and the mechanism of this phenomenon are 
currently attracting a lot of experimental and theoretical efforts [83]. 

In the case of R = NO z , R' = NH 2 at the DFT (B3PW91) level, it was proposed 
that electron conduction through the LUMO of the planar conformation was trig¬ 
gered as soon as the molecule was charged by a single electron. The temperature 
dependence of the phenomenon was attributed to the flexibility of the chain, which 
may adopt all-planar or twisted conformations [84]. 

In the case of R = H, R' = Et, at the INDO semiempirical level, Bredas et al. pro¬ 
posed a resonant tunneling process for both electrons and holes in the twisted con¬ 
formation (Figure 1.4), based on the variation of MO levels with the magnitude of 
an electric field applied along the molecular axis (Figure 1.5) [85, 86]. Very recently, 



Figure 1.5 Bredas’s resonant tunneling mechanism for hole conduction and NDR in a twisted 
OEP (R = H, R' = Et, Figure 1.4). A similar scheme for antibonding MOs accounts for NDR in 
electron conduction. The electronic splitting and the broadness of the curves near resonance 
(at Ec = 3.3 X 107 V crrT 1 ) are here graphically much exaggerated with respect to the initial 
HOMO-1 /HOMO-8 gap. 
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this mechanism was shown also to be consistent in the case of R = N0 2 , R' = NH 2 
[87]. 

OEPs capped by push-pull substituents resembling merocyanines (Y = 
4-C 5 H 4 NMe + , X = CT, Scheme 1.8) were predicted on the basis of semiempirical 
ZINDO calculations to possess very large gas-phase static quadratic hyperpolariz¬ 
abilities (P 0 ) [88]. The use of this method allowed a broad range of structures to 
be covered for systematic comparison, and the results were considered to have at 
least relative significance. The hyperpolarizabilities of either of the isomers 
“OC 6 H 4 -C=C-C 6 H 4 -C 5 H 4 N + Me and “OC 6 H 4 -C 6 H 4 -C=C-C 5 H 4 N + Me were first cal¬ 
culated to be as high as /? 0 = 800 X 10 -30 cm 5 esu -1 . The double ethynylogue 
”0-C 6 H 4 -C=C-C 6 H 4 -C=C-C 5 H 4 N + -Me affords a double ft 0 value (1982 X 
10 -30 cm 5 esu -1 ). The “p-PE effect” becomes dramatic in - 0-C 6 H 4 -C=C-(C 6 H 4 - 
C=C) 2 -C 5 H 4 N + -Me, for which the calculated value is unprecedented in small or¬ 
ganic chromophores: /? 0 = 33856 X 10 -30 cm 5 esu -1 . The definition of a generalized 
absolute bond length alternation parameter (ABLA) over the OPE topology affords 
a regular variation of /J 0 with regard to ABLA for a homogeneous set of push-pull 
merocyanine-like chromophores (Figure 1.6). 

A Lorentzian-based fit was heuristically derived from simple approximations in a 
two-level model, and the relevance of the results is supported by a strong structure- 
activity relationship. Indeed, one chemical way to draw nearer to the critical ABLA 
value (ABLA° 0.04 A. Figure 1.6) is a sequential insertion of p-EP units between 
pyridinium and phenolate termini. Although experimentally determined (3 coeffi¬ 
cients of the recently synthesized molecules are not yet available [89], it should 
be stressed that the solvent and temperature effects were not taken into account 
in the calculations. 

Much lower quadratic hyperpolarizabilities have been calculated (/Ii^zindo) < 45 
X 10 -30 cm 5 esu -1 ) or measured (/?i 604 (corr.) < 232 X 10 -30 cm 5 esu -1 ) for inorganic 
analogues in which the donor moiety is Y = (C 5 H 5 )(PPh 3 ) 2 Ru(n) and the acceptor 



Figure 1.6 Plot of/7 0 /N vs. ABLA for a set of merocyanine-like chromophores (N = bridge length 
between the donor and the acceptor ends). From reference [88], 
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is X = N0 2 (Scheme 1.8) [90]. The NLO efficiency was found to vary with the nature 
of the bridging units, and in particular as: E-ene linkage > yne-linkage. The 
reverse order was observed for the metal-free merocyanine-like chromophores 
discussed above [88]. Quite large first-order hyperpolarizabilities («* 1000 X 
10 -30 cm 5 esu -1 ) were also computed for push-pull arylethynyl porphyrins [91] 
and phthalocyanines [92], in agreement with EFISH measurements. 

The hyperpolarizability of p-PE-bridged chromophores can also be switched 
by photon, proton, or electron transfers. Thus, the first hyperpolarizability of 
electron-rich iron a-aryl acetylides (Scheme 1.8: Y = [(r| 2 -dppe)(ti 5 -C 5 Me 5 )Fe], 
dppe=l,2-bis(diphenylphosphino)ethane) may be switched through redox pro¬ 
cesses [93]. An electrochromic NLO switching has also been reported for a chloro 
(alkynyl)bis(diphosphine)ruthenium complex [94]. Upon one-electron oxidation, 
the second order hyperpolarizability is switched on (the y modulus increases 
from zero to 2600 X 10 -36 esu) or, alternatively, the sign of its imaginary or real 
component is reversed. This has been related to a change in the dominant electro¬ 
nic transition upon oxidation. TD-DFT calculations show that the dominant low-en¬ 
ergy transition of the neutral species has a strong metal-to-alkynyl charge-transfer 
character, which reverts to a chloro/alkynyl-to-metal charge-transfer process in the 
oxidized species [95]. 

OEP bridges in mixed-valence organometallics. The photoluminescence of 
Re(bipyridine)(CO) 3 (C=C-C 6 H 4 -C=C)Fe(C 5 Me 5 )(dppe) may be switched on by 
one-electron oxidation. Theoretical studies have provided evidence that the quench¬ 
ing pathway of the emissive d7i(Re)—» tt*( bipyridine) state, by a low-lying excited 
state involving the iron moiety, disappears upon oxidation [96]. 

Cyclometallated Ru(bpy) 4 (pp) units (bpy = 2,2'-bipyridine; pp = 2-phenylpyri- 
dine) linked by various spacers including C=C bonds have been prepared in 
order to study intramolecular electron transfer between the two metallic sites 
[97]. The efficiency of the bridge at mediating electron transfer was estimated by 
the electronic coupling term V ail . The latter may be extracted either experimentally 
from the experimentally measured UV/Vis spectrum, or theoretically by use of the 
“dimer splitting” method [98] and the energy splitting of the relevant orbitals (ex¬ 
tended Hiickel level). Theoretical and experimental results are in good agreement. 
Insertion of a second triple bond or/and a phenylene unit results in a reduced cou¬ 
pling relative to a linkage made of a single triple bond, although replacement of the 
phenylene with an anthracenylene enhances the coupling markedly. 

1.2.5 

Hybrid sp-sp 3 Oligoacetylenic Molecules 

Several (3-diynes (or “skipped” diynes [99]) X(C=CH) 2 (X = CR' 2 , SiR' 2 , PR', S,...) 
are known, but the elusiveness of the unsubstituted diethynyl ether (X = O) [100] 
motivated comparative ab initio theoretical comparisons with the analogues X = S 
[101] or X = Se [102]. A systematic DFT study recently suggested that heteroatom- 
skipped P-diynes might replace ris-(3-enediynes substrates in Bergman-like cycloar- 
omatization, leading to open-shell precursors of five-membered heteroaromatics 
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Scheme 1.9 Reactivity of P-diynes: theoretically predicted Bergman-like cycloaromatization [103] 
and observed inversion of stereogenic propargylic phosphorus centers [105], 


(see Section 1.1.4.1) [103]. It was shown that the more electronegative the X group, 
the easier the reaction (Scheme 1.9). 

In skipped polyynes, the doubly propargylic character of the sp 3 -CH 2 groups makes 
them rather unstable [104]. In related phosphorus analogues (R'C=C-P(R)-C=C-) 2 , 
the doubly propargylic character of the phosphorus lone pairs has a positive effect, 
namely the thermal coalescence of the stereoisomeric mixture resulting from the 
expected stereogenicity of the P atoms [105]. Indeed, DFT calculations on model 
alkynylphosphines PH 3 _„(C=CH)„ (n = 1-3) showed that the AG* value of the in¬ 
version barrier decreases with increasing n: the planar transition state is stabilized 
by conjugation of the lone pair with the surrounding acetylenic tt orbitals. 


1.3 

Cyclic Acetylenic Scaffolds 

1.3.1 

Hybrid sp-sp 3 Rings 

1.3.1.1 Cycloalkadiynes 

In cycloalkadiynes, extensively studied by Gleiter et al., the transannular interaction 
of the in-plane tt orbitals of the triple bonds facing each other is relayed by the 
a system [106]. Depending on the length of the a bridge, MO calculations allowed 
for qualitative and quantitative interpretation of the differences between observed 
photoelectron (PE) spectra. In related systems in which the a bridge is interrupted by 
heteroatoms or double bonds, thus “insulating” carbon sp 3 orbitals between 
tt orbitals, the question of extended homoconjugation was addressed by similar 
PE/MO studies [107a]. When generalized to cyclic skipped polyynes (“pericyclyne”) 
[107b], the question meets the challenging debate on the possibility of neutral homo¬ 
aromaticity, theoretical aspects of which are surveyed in the following section. 


1.3.1.2 Pericyclynes 

The state of the art in the field of macrocyclic homoconjugated oligoacetylenic 
molecules was reviewed in 1999 [108]. The subclass of [n]pericyclynes (l-4a, 
Figure 1.7, 3 < n < 6) was defined and demonstrated by Scott et al. in 1983 
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[109]. On the very outset, the constrained vicinity of several triple bonds could favor 
rearrangements (e. g., to n-cyclopropa[2n]annulenes l-4b, Figure 1.7, 3 < n < 6), 
and their “astonishing” stability was tentatively attributed to homoaromaticity early 
in the course of these investigations [110]. Recent studies at the B3PW91/6-31G** 
level (Figure 1.7) [111] reproduced the geometries obtained earlier at the MNDO 
level [112] or even at the MM2 level [110], thus suggesting the absence of non-ad¬ 
ditive effects from the cyclic proximity of the n triple bonds. In planar pericyclynes, 
however, analysis of the energy and symmetry of the STO-3G MOs showed that in¬ 
plane Uxy MOs of the triple bonds interact through space (OITS, 2n electrons), 
while out-of-plane jt z MOs interact through adjacent CH 2 n a orbitals (OITB, 4n elec¬ 
trons) [110]. As a whole, however, these interactions result in no structural effect. 

With increasing n, the regular decrease in the out bending of the C=C-C units 
(from 20.7° in [3]pericyclyne la to 0.6° in [6]pericyclyne 4a: Figure 1.7), is just as it 
would be expected on a simple VSEPR basis. On the other hand, the NICS values 
calculated at the center of the rings remain very small. Finally, the homoaromati¬ 
city of pericyclynes was studied with the aid of a novel tool: the ELF weighting of 



4a 



Figure 1.7 Main resonance forms and equilibrium geometrical parameters of [njpericylynes 
(1 —4a, n = 3-6) at the B3PW91 /6-31G** level. All structures are D„ h -symmetric, except [6]peri- 
cyclyne, which is D 3d . In bold: central NICS values at the HF/6-31+G* level. Percentages in 
brackets correspond to the ELF-derived relative weight of resonance forms featuring cyclic 
homodelocalization [111]. The putative n-cyclopropa[2n]annulene isomers (1—4b) formally 
resulting from thermally forbidden [n X „2 a ] processes are indicated in brackets. 
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resonance forms [111]. The relative weight of the resonance forms featuring cyclic 
homodelocalization was found to be less than 8 %, thus confirming that [3]pericy- 
clyne is at most poorly homoaromatic, and that higher pericyclynes are not 
(Figure 1.7). 

• [3]Pericyclyne la . Dewar was quick to consider the possible isomerization of la to 
the tricyclopropabenzene valence isomer lb (e. g., through a thermally allowed 
[ n 2 0 + n 2 0 + n 2J process [112, 113]). Though more strained at the level of sp 3 and 
sp 2 carbons, this isomer could be stabilized by aromaticity. Geometry optimiza¬ 
tion indeed reveals a negligible Mills-Nixon effect with (endo-C-C, exo-C-C) 
bond lengths of (1.359 A, 1.356 A) and (1.371 A, 1.361 A) at the RHF-SCF/6- 
31G* [114] and CASSCF/6-31G* [115] levels, respectively. From a magnetic 
standpoint at the CTOCD-DZ/6-31G** level, the maximum of the n ring-current 
density mapped 1 a 0 above the central ring of lb is equal to the corresponding 
maximum for the parent benzene [116]. At the B3PW91/6-31G** level, however, 
[3]pericyclyne la is more stable than its lb isomer (D 3h , endo-C-C = 1.385 A, exo- 
C-C = 1.357 A) by 29.2 kcal mol -1 [117]. Benzenoid aromaticity is therefore not 
sufficient for favoring intramolecular cyclotrimerization. 

Whereas triphospha-[118] and trisila-[l 19] [3]pericyclynes proved to be stable, 
monocyclic all-carbon analogues have so far remained unknown. Let us remind 
ourselves here that the effect of the silicon vertices on homoconjugation was dis¬ 
cussed on the basis of a comparison between photoelectron spectra and MNDO/3 
or MINDO orbital calculations [120]. 

• [4]Pericyclynes . Few representatives of [4]pericyclynes are known [109]. Although 
planar, the unsubstituted model 2a is not homoaromatic according to both NICS 
and ELF-resonance criteria (Figure 1.7). The optimized geometry was recently re¬ 
produced at the B3LYP/6-31+G* level [121]: the ring strain was estimated to be 
quite weak (9 kcal mol -1 ) and the coordinating ability toward Li + and Na + was 
studied. As can be seen in Figure 1.7, the angular strain is taken over by the 
sp carbon atoms and so might be further relieved by insertion of additional triple 
bonds. Partially expanded [4]pericyclynes containing butadiynyl units on one of 
the edges were thus synthesized: with respect to the octamethyl version of this 
pentayne, the tetracyclopropylidene version 5 (Scheme 1.10) was shown to experi¬ 
ence reduced OITS and enhanced OITB, as simply predicted from the n donating 
properties and the Walsh orbitals of the cyclopropane rings [122]. Several square 
totally expanded [4]pericyclynes [123] and heteroatomic analogues [105] are 
known. A model of an expanded metalla[4]pericyclyne 6 (Scheme 1.10) was re¬ 
cently studied at the DFT level [124]. On the basis of experimentally determined 
and optimized geometries, the Pt(n) vertices exert no homoaromatic geometrical 
effect. The extended Hiickel MO diagram, however, indicates that several orbitals 
in the HOMO region, resulting from the interaction of d-type metallic orbitals 
with C-C n orbitals, are highly delocalized over the Pt 4 C 16 ring. 

• [5]Pericyclynes . Although decamethyl[5]pericyclyne was shown to exhibit an en¬ 
velope conformation in the crystal state [110], [5]pericyclyne itself (3a) was calcu¬ 
lated to have a planar D 5h geometry, at the MM2 [110], RHF/3-21G [125], B3LYP/ 
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Scheme 1.10 

Expanded [4] pericyclynic 
rings. 


6-31G" [126], or B3PW91/6-31G** [127] levels of theory. This observation, as 
well as electronic spectroscopy and MO calculations [128], stimulated several 
studies on the possible homoaromaticity of [5]pericyclyne according to classical 
aromaticity criteria (see Section 1.3.2.3). 

Structural criterion. Despite a planar equilibrium structure, the bond lengths and 
angles are very close to those calculated in 1,4-pentadiynes, ruling out any struc¬ 
tural homoaromaticity. 

Energetic criterion. The energetic homoaromaticity of a cyclic molecule is 
measured by its stability with respect to acyclic reference molecules. The 
Dewar-type resonance energy of 3a, calculated from the averaged contribution 
of -C=C-CH 2 - units to the enthalpy of skipped polyynes of various lengths, cor¬ 
responds to a slight destabilization (AH°(298 K) = +0.9 kcal mol -1 , AH°(0 K) 
= +2.2 kcal mol -1 ) [125]. Similarly, the homodesmotic equation 5 

(MeC=C) 2 CH 2 —> 3a + 5 MeC=CMe (corrected for angle strain) indicates a 
very weak destabilization of 3a by +1.8 kcal mol -1 [126]. [5]Pericyclyne is therefore 
not energetically homoaromatic. 

The stability of [5]pericyclynes with respect to cyclic isomers has also been con¬ 
sidered. Although [10]annulene itself was definitely shown to be non-planar, pen- 
tacyclopropa[10]annulene 3b was calculated to exists in a D 51l form (B3LYP) with a 
weak Mills-Nixon effect (endo-C-C = 1.379 A > exo-C-C = 1.358 A) [129]: this pu¬ 
tative isomer of 3a is therefore aromatic in the structural sense. Nevertheless, as 
in the case of tricyclopropabenzene lb, the extreme strain of 3b prevents its for¬ 
mation from the non-aromatic, but weakly strained, 3a. 

A cyclic isomer of the trihydroxy[5]pericyclyne 8 is the cyclotetrayne 7 (Figure 1.8), 
which has been demonstrated experimentally [130]. DFT calculations on model 
compounds of isoconfigurational isomers showed that the functional pericyclyne 
8 is slightly less stable than its allenylidene isomer 7 (Figure 1.8): the local con¬ 
jugation of the allenyne sequence is probably sufficient to overcome the excess 
ring strain of the C13 cyclotetrayne 7 with respect to the C15 cyclopentayne 8. 
It must, however, be emphasized that several pentaoxy[5]pericyclynes have 
been prepared recently [131]. 

Magnetic criterion. [5]Pericyclyne 3a is associated with a negligible magnetic 
susceptibility exaltation (A = -1.2 ppm cgs), which is also consistent with the 
very weak shielding experienced by either a 7 Li + cation or a ghost atom located 
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Figure 1.8 Geometry optimization of (3S,6R,9R)-trihydroxy-[5]pericyclyne 8, and (3S,6R,9R)- 
2-ethenylidene-trihydroxy-cyclotrideca-l ,4,7,10-tetrayne 7 (B3PW91 /6-31G**) [130], 


at the center of the ring (5 7Li + = -1.7 ppm [126]; NICS = +0.6 ppm [127]). Finally, 
the ELF analysis confirms the weakness of the cyclic homodelocalization. The in¬ 
tegration of the electron density in the C sp3 -C sp and C sp -C sp valence basins is 
indeed consistent with pure single and triple bonds, respectively (Figure 1.9). 
More precisely, the ELF weight of resonance forms featuring homodelocalization 
is not significant (5.5%, Figure 1.7) [111]. 

All the above results consistently imply that [5]pericyclyne is definitely not homo¬ 
aromatic. Although the n character of cyclopropane rings might a priori be ex¬ 
pected to favor extended interaction with the triple bond MOs, penta(cyclopro- 
pylidene)[5]pericyclyne was calculated to be as poorly homoaromatic as unsubsti¬ 
tuted [5]pericyclyne [126]. 

• [6]Pericyclynes . The [6]pericyclyne structure has been demonstrated in the form 
of peralkyl [109, 132] and hexaoxy [133] derivatives. According to MM2 calcula¬ 
tions, [6]pericyclyne 4a and its dodecamethyl derivative should possess several 
isoenergetic conformations (chair, boat, twist-boat). At the B3PW91/6-31G** 
level, however, the chair conformation (D 3d ) [111] directly shows the absence of 
homoaromaticity. This is confirmed by the central NICS value and the ELF anal¬ 
ysis (Figure 1.7). 
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5,65 e 



Figure 1.9 ELF partition map within 
the plane of [5]pericyclyne 3a 
(B3PW91 /6-31G**) [111], 
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1.3.2 

Hybrid sp-sp 2 Rings (Dehydroannulenes) 

The recent experimental chemistry of annulenes and dehydroannulenes has been 
reviewed [134]. The main quality assigned to both annulenes and dehydroannu¬ 
lenes is their relative aromaticity, for which three criteria are usually distinguished 
[135]: structural, magnetic, and energetic. Dehydroannulenes can also be regarded 
as derived from annulenes of smaller ring size through insertions of triple bonds. 
This view dates back to 1948, when Sworski suggested that two or three C-C bonds 
of benzene could be elongated by insertion of C 2 groups [136]. When the C 2 inser¬ 
tion is applied to all the C-C bonds, the resulting structure has the same maximal 
symmetry as benzene and so was named [C,C] 6 carbo-benzene or, more simply here, 
carfoo-benzene (see Section 1.3.2.3) [4]. 


1.3.2.1 Dehydroannulenes of “Low” Symmetry 

If Sworski’s insertion is applied twice on opposite edges of benzene, the resulting 
tetradehydro[10]annulene 9 (Scheme 1.11) still satisfies the Hiickel rule and is a 
known, but fragile, molecule [137]. If Sworski’s insertion is applied three times, 
the resulting hexadehydro[12]annulene 10 (Scheme 1.11) now satisfies the Hiickel 
criterion of antiaromaticity. According to bond distances, a “delocalized” butatrie- 
nic structure 10b was obtained at the B3LYP/6-31G* level [138a], while, in accor¬ 
dance with early NMR data [138b], a slightly more localized acetylenic equilibrium 
structure 10a is obtained at the MP2 or DFT-GGA levels [71, 139] (Scheme 1.11). 
The central NICS value of 10b amounts to +106.1 ppm at the B3LYP level, and re¬ 
duces but remains highly positive at the RHF level (+23.3 ppm) [138a]. The central 
NICS value of 10a is equal to +10.6 ppm at the HF level [139]. Several alternative 
magnetic criteria (ring current susceptibilities, aromatic ring current shielding 
(ARCS) plots) show that the acetylenic form 10a sustains a paratropic ring current 
(RC). These results demonstrate the antiaromatic character of 10. It should be 
mentioned that the q s coordinating properties of 10 (and tribenzocyclyne 14, 
Section 1.3.2.2) are well established [140]. B3LYP calculations showed that their 
binding energy towards transition metal cations is very high, and the symmetry 
of the nickel and copper complexes was optimized to D^, with the metal cations 
inserted at the center of the ligand plane [141], 

Sworski’s insertion of cumulated triple bonds gives rise to larger dehydroannu¬ 
lenes. As would be expected from the Hiickel rule, hexa- and octadehydro[14]annu- 
lenes (NICS -8.5 ppm) [142] and dodecadehydro[18]annulene 12 (NICS = 
-5.6 ppm) are magnetically aromatic according to the same criteria as above, 
and in agreement with experimental findings [139]. 

Sworski-type dehydroannulenes derived from cyclooctatetraene, such as 11 
(Scheme 1.11), were also investigated with AMI, PM3, HF, and MP2 calculations. 
In this series, the relative energy of the puckered and planar conformations corre¬ 
lates well with the Hiickel rule for the 7t z electrons [143]. 
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Scheme 1.11 Sworski-type dehydroannulenes of D 2h and D 3h symmetry derived from benzene (9, 
10, 12) and cyclooctatetraene (11). Bond lengths of the two forms of 10 are in A at the MP2/6- 
311G(d,p) level (the butatrienic structure 10b is obtained by proportionality constraints on the 
bond lengths) [71]. Values in brackets correspond to the B3LYP/6-31G* level [138a], 


1.3.2.2 Benzocyclynes and Related Systems 

Dehydro[2n]annulenes, in particular for n = 2m, can be stabilized by embedding 
the remaining double bonds in o-, m- or p-phenylene units. Here we consider 
only the structures in which all the double bonds are benzannelated. Fully alternate 
benzannelated n-dehydro[2n]annulenes thus correspond to cyclic o-, m-, orp-EP oli¬ 
gomers (Section 1.2.4.2). The synthesis of large (C 15 , C 20 ) planar m-EP rings and 
very large (C 36 , C 48 ) belt-shaped p-EP rings was precedented by AMI calculations, 
which turned out to be quite accurate, at least regarding comparison of the sp bond 
angles with those in the X-ray crystal structure [144]. The chemistry of o-EP rings, 
and more generally of benzannelated dehydro[2n]annulene, commonly known as 
“benzocyclynes”, is more thoroughly documented [145]. The antiaromatic n-even 
case is surveyed first (the case n = 2 is degenerate with Vollhardt’s oligophenylenes 
[146]). 

For n = 4, two regioisomeric doubly benzannelated molecules are possible, one of 
them - 15a (Scheme 1.12) - being quite stable [147]. The paratropic ring current of 
the C 8 ring and the lowered diatropic ring currents of the phenylene rings are 
confirmed by NICS calculation (+4.04 and -4.59 ppm, respectively) on the fully 
optimized structure at the B3LYP/6-31G* level [148]. 



Scheme 1.12 Doubly and triply bezannelated tetra- and hexa-dehydro[l 2]annulenes 13-14, and 
doubly benzannelated tetradehydro[8]annulene 15a. 
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For n = 6, double benzannelation gives three possible isomers; two of them, 13a 
and 13b, are depicted in Scheme 1.12. The cyclotetrayne 13a and substituted deri¬ 
vatives thereof, though quite reactive, have long been known [149]. The paratropi- 
city of the C 12 ring is confirmed by a positive NICS value (+5.75 ppm) [148]. Mixed 
experimental and theoretical evidence for the isomer 13b was recently reported by 
Tobe et al. [150]. Geometry optimization at the B3LYP/6-31G* level indicates a 
C 2v -symmetric structure in which the tolan triple bond bows “in” by 7.8° about 
the sp carbon atoms, while the opposite C SJ ,=C sp -C SJ , bond angles are bent to 
146.4°. Despite this intrinsic strain, 13b was generated by photolysis in an argon 
matrix at 20 K and could be spectroscopically characterized in admixture with 
its precursor: cross-comparison of the experimentally measured and the 
calculated IR spectra is indeed convincing. 

In the tris-o-benzannelated series, the ring current of the very stable D 3h triben- 
zocyclyne 14 (Scheme 1.12) [151] is less paratropic than that of the D 2h homologue 
13a discussed above, as indicated by a less strongly positive central NICS value 
(+4.4 and +2.9 ppm at the B3LYP [148] and HF [139] levels, respectively). This 
moderate value is due to the phenylene rings [148], since the NICS value of the 
non-benzannelated version 10 is much higher (see Section 1.3.2.1) [138a]. 

Tribenzocyclyne 14 (Scheme 1.12) is the elementary unit of graphyne and related 
carbon allotropes, which were first proposed and studied at the theoretical level 
[152] before becoming the target of active experimental investigations [145]. Several 
derivatives were thus investigated. Unlike the redox properties, the chromophoric 
properties of such molecules were shown to be poorly influenced by fluorine sub¬ 
stituents at the phenylene rings: while both the experimentally determined reduc¬ 
tion potential and the LUMO energy at the B3LYP level are significantly lowered, 
the experimentally determined X max value and the HOMO-LUMO gap remain un¬ 
changed (approximately 3 eV) [153]. 

The series of benzannelated n-odd dehydro[2»]annulenes starts with phenan- 
thryne (n = 3) [154]. For n = 5, the unknown dibenzannelated triyne 15b 
(Scheme 1.13) was predicted to be significantly diatropic [148]. For n = 7 and 9, 
the diatropicity decreases with the ring size and the benzannelation level [142, 
148]. Thus, for the tribenzannelated representatives 16 and 17, the central NICS 
almost vanishes at either the B3LYP [148] or the HF [139, 142] levels (Scheme 1.13). 

Annelations of dehydroannulenes by other unsaturated rings, such as cyclobuta¬ 
diene [139], cyclobutene [155a-b], dimethyldihydropyrene, thiophene [156], or tetra- 
thiafulvalenes [155c], at various theoretical levels have also been envisioned. For the 
cyclobutadiene-annelated homologues of 14 and 17, in which the external macro¬ 
cycles host 18 and 24 tt z electrons, respectively [139], the bond lengths reveal a 
marked cumulenic character. Their overall non-aromaticity is confirmed by the 
NICS and ring current susceptibility values [139]. The cyclobutadiene-annelation 
thus convert aromatic and antiaromatic structures into non-aromatic ones, as 
does benzannelation. 
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Scheme 1.13 Di- and Tribenzannelated n -odd (“aromatic") dehydro[2n]annulenes. The central 
NICS values are given in ppm at the HF level [139, 142], Values in brackets correspond to the 
B3LYP level [148], 


1.3.2.3 Dehydroannulenes of Maximal Symmetry: corbo-[N]Annulenes 

A carbo-[N]annulene is a Sworski-type 2N-dehydro[3N]annulene with the same 
ideal symmetry as the parent [N]annulene [4]. Their respective aromaticities were 
first compared by the three classical criteria, relating to structural, magnetic, and 
energetic observables, respectively [135]. A fourth criterion was then designed by 
considering that the electron density p(r), long calculable from the (non-observable) 
polyelectronic wavefunction, is now gaining the status of an observable through re¬ 
cent developments in X-ray diffraction techniques [157]. The “electronic” aromati¬ 
city criterion is based on the ELF analysis of p(r) [3]. In particular, in contrast to 
annulenes and analogously with pericyclynes (Section 1.3.1.2), carbo-annulenes 
possess a cyclically homoconjugated in-plane MO system, and the ELF tool al¬ 
lows for a relative weighting of resonance forms associated with in-plane and out- 
of-plane cyclic delocalization [111]. The aromaticity of the ring carbo -mers of the 
first annulenes was theoretically investigated according to these four criteria. 

The process is detailed first for carbo-benzene (C 18 H 6 ), which was proposed as a 
synthetic challenge in 1995 [158]. Although the dehydroannulene isomer 12 had 
been known for some time (Scheme 1.11) [159], the first examples of substituted 
carbo-benzenes appeared the same year [133, 160]. Very recently, a tetraphenyl 
carbo -benzene with two hydrogen atoms in ortho positions (Figure 1.10) has 
been synthesized [161a]. Both hexaphenyl- and tetraphenyl-carbo-benzenes fulfill 
the criteria of aromatic structures: they are stable, diatropic (deshielded 1 H NMR 
chemical shifts), with a quasi D 6h central ring (according to X-ray crystal struc¬ 
tures). These experimental data served as references for following theoretical inves¬ 
tigations. 

• Structural criterion. At the B3PW91/6-31G** level, the very good agreement be¬ 
tween the experimentally determined [161a] and the calculated [161b] structures 
of tetraphenyl-carbo-benzene indicates that hybrid DFT is well suited for this fa¬ 
mily of molecules (Figure 1.10). At the same level, the calculated structure of un¬ 
substituted carbo -benzene is perfectly D 6h -symmetric with similar bond lengths 
(1.239 A and 1.369 A) [127,162]. In contrast, HF [162] or AMI calculations 
[163] failed to reproduce the D 6h symmetry. 
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Figure 1.10 Experimentally determined (X-ray) and calculated (B3PW91/6-31G*) structures of 
tetraphenyl carbo- benzene. Exp. (calc.): a = 1.372 (1.374) A, b = 1.233 (1.237) A, a = 119.9° 
(118.5°), (3 = 178.3° (178.6°) [161]. 


• Magnetic criterion. The NICS value calculated at the center of the ring is equal to 
-17.9 ppm (B3LYP/6-31+G*) [127], namely more than twice the value of benzene 
(-8.0 ppm) and three times the value of the D ih dehydroannulene isomer 12 
(-5.6 ppm, Section 1.3.2.1) [139]. The total ring current density map 1 a 0 above 
the ring plane was established within the framework of the CTOCD-DZ formalism 
[164]: a strong diamagnetic circulation follows the line of the carbon ring. Orbital 
analyses indicate that the HOMO levels are of n z character (E 2u ) [162], and that 
their four electrons are responsible for the main part of the ring current [164]. 

• Energetic criterion. Several aromatic stabilization energies (ASEs) [135, 165] and 
resonance energies (RE) have been calculated for carfoo-benzene and compared 
with those of benzene [166]. A few of them are reviewed below. 

- Isogyric ASE and Breslow resonance energy. The simple equations of 
Scheme 1.14 directly compare a single C s (or C 18 ) conjugated ring with the 
same C 6 (or C 18 ) conjugated chain in the open state. Since a ring closure 
turns on the possibility of a ring current [167], this isogyric equation is fun¬ 
damentally related to the magnetic criterion of aromaticity. At the B3PW91/ 
6-31G** level, the corresponding ASEs are equal to -17.9 lccal mol -1 for ben¬ 
zene, and to -11.2 lccal mol -1 for carfoo-benzene. In accordance with Shade’s 
theory [168], these ASEs explicitly refer to both the jt and the a systems. How¬ 
ever, since the geometry of the acyclic structure is considered in its most stable 
all-trons conformation, these ASEs underestimate the pure topological cyclicity 
effect. 

Fictitious linear reference molecules can, however, be partly described by their 
7t system within the framework of the topological Huckel (HMO) theory. 
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Scheme 1.14 “Ring-closing" isogyric equations defining an aromatic stabilization energy (ASE) 
and the Breslow resonance energy (BRE) of benzene and corbo-benzene 18 [166], 


Within the HMO framework, Breslow’s definition of the resonance energy of 
benzene (E„(benzene) - E n (l,3,5-hexadiene)) [169] can be generalized for any 
[N]annulene and reads (Equation 1.1): 

BRE = 2 fi N [Z n k cos(2for/N) - L n' k cos(fert/(N+l)] (1.1) 

where /? N is an average C-C resonance integral, and n k and n' k are the numbers 
of electrons occupying the fe* rr MO in the ground states of the [NJannulene 
and the corresponding n-polyene, respectively ( Ln k = T.n’ k = N). This formula 
also holds for any dehydro[N]annulene as soon as the sp-sp and sp-sp 2 resonance 
integrals can be averaged. This was found to be possible for carfeo-annulenes 
[162], since DFT and HF n MO levels vary accurately as cos(2krr/N). The “spec¬ 
troscopic” proportionality factors p N can be renormalized to “thermochemical” 
values (by assuming /?„ = -20 kcal mol -1 ), thus allowing direct comparison of 
the BRE with the ASE. The cases of N = 6 and N = 18 ultimately give 
BRE(C 6 H 6 ) = -15.2 kcal mol -1 and BRE(C lg H s ) = -14.8 kcal mol -1 , respectively. 
These results confirm that carfeo-benzene is only slightly less energetically aro¬ 
matic than benzene. 

The preceding Hiickel MO analysis was limited to out-of-plane 7i z orbitals. 
A similar treatment can be applied to the homoconjugated in-plane 
Pxy orbitals [162], where the fictitious linear references are now “skipped” poly- 
ynes H(C=CCH 2 ) N H. For carbo-benzene, more tedious calculation afforded a 
Breslow-type resonance energy of BRE' = +0.01 kcal mol -1 . Though formally 
positive, this value, and the corresponding energetic in-plane homoaromaticity, 
are negligible. 

- Homodesmotic ASE. Cyclizing homodesmotic reactions [170] are commonly 
employed to evaluate the energetic aromaticity of highly symmetrical annu- 
lene-type rings made up of alternating single and double bonds only [165, 
166]. Thus, by use of butadiene and ethylene as acyclic reference compounds 
for benzene (Scheme 1.15), calculations at the B3LYP/6-31G* level afford 
AE(C 6 H 6 ) = -19.5 kcal mol -1 [171]. The corresponding equation for carfeo-ben- 
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Scheme 1.15 Cyclizing homodesmotic reactions and ASEs for benzene and carbo-benzene [166], 


zene is defined by replacing each reactant and product for its skeleton carbo- 
mer (Scheme 1.15): at a similar level of theory (B3PW91/6-31G**), the ASE 
is found to be only 25 % less negative: AE(C 18 H S ) = -14.1 kcal/mol -1 . 

Other ASEs of the homodesmotic type and the resonance energy of the 
Mulliken-Parr type [172] have also been calculated [166]. All the results confirm 
that carbo-benzene is slightly less energetically aromatic than benzene. 

• Electronic criterion. The populations of the ELF bonding valence basins directly 
show that the Kekule structures of carbo-benzene are sound. The ELF-derived 
relative weights of the resonance forms featuring cyclic homodelocalization 
are negligible (approximately 3.5%). Finally, the bifurcation-tree diagram 
(Figure 1.11) shows that the most nucleophilic basins are those of triple 
bonds: the C^-C^ domain indeed reduces to two irreducible domains at a very 
high ELF value (0.87) [111]. Therefore, electrophilic attack is predicted to occur 
at the sp carbon atoms prior to the sp 2 ones, and should not preserve the carbo- 
benzenic structure. 

Finally, all the aromaticity criteria reach their conclusions as to the aromaticity of 
carbo -benzene in a parallel manner (none is “orthogonal” to the others [173]). By 
use of the same methods, the aromaticity of ring carbo -mers of other annulenes 
has also been addressed for a complete family of carbo-annulenes [(C 3 H) N ] IJ 
satisfying the orbital Hiickel rule for their out-of-plane tr z electrons (Figure 1.12) 

[174] . 

The carbo-cyclopentadienyl cation 19 (Figure 1.12) remains experimentally un¬ 
known [131], but possesses virtually the same NICS and BRE values as carbo- ben¬ 
zene [162]. The ELF-derived weight of the resonance forms featuring cyclic homo¬ 
delocalization in the free cation is much higher (13%) than in the neutral 
carbo -benzene 18 [111] and the zwitterionic carbo-cyclopentadienone 26b (see 
Section 1.3.3). It should be mentioned that the neutral carbo-cyclopentadienylene 
substructure was considered theoretically in carbo-pentalene 23 (Figure 1.14) 

[175] . Within the framework of Vogler’s early theory for the calculation of 'll 
shielding in hydrocarbons containing conjugated triple bonds [176] the protons 
were calculated to experience a strong paramagnetic RC effect. The antiaromaticity 
of pentalene could thus be preserved in its carbo- mer. 
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Figure 1.11 ELF bifurcation-tree diagram of carbo-benzene. At ELF = 0.8, the two disynaptic 
valence basins of each C sp -C sp bond are still connected by a lens-like domain [111]. 


DFT calculations accurately reproduce the equilibrium geometry (D 2h ) of singlet 
carbo-cyclobutadiene 21 obtained by AMI calculations [163]. The ELF weight of the 
resonance forms featuring cyclic in-plane homodelocalization is negligible, in 
agreement with the non-aromaticity of the corresponding valence isomer as pre¬ 
dicted at the PM3 level [177]. The BRE, though still negative, is quite small 
(-5.8 kcal mol -1 ), and its NICS value (+53.8 ppm) indicates a strong paratropic 
character. In contrast, triplet carbo-cyclobutadiene 20 (Figure 1.12) possesses all 
the features of an aromatic molecule. 

Finally, the carbo -cyclopropenyl anion 22 appears strongly aromatic, with the 
same NICS and BRE value as its parent cyclopropenyl cation. Its formal analogy 
with the cyclopentadienyl anion suggests that this anion might behave as a strong 
tt ligand for transition metals. Geometry optimization of the [Fe(C 9 H 3 )] + complex at 
the B3PW91 levels indicates a C 3v r| 9 -coordination, with a formal count of 18 
valence electrons on iron (Figure 1.13) [178]. 

Ring carbo -mers of higher [N]annulenes and [N]annulenic ions were also consid¬ 
ered. For N = 7, the same level as used above indicates that the Hiickel rule for the 
rt z electrons remains valid for the carbo -tropylium anion ([C 2 iH 7 ] - , 22 tt z electrons): 
the equilibrium symmetry is D 7h and the central NICS is equal to -20.4 ppm [179]. 
For N = 8, AMI calculations afforded a non-planar tub geometry for carbo-cyclooc- 
tatetraene, nearly degenerate with the planar transition state of inversion (AE* = 
1.2 kcal mol -1 ) [163]. 
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Figure 1.12 Compared aromaticity measures of annulenic species and their ring carbo -mers 
18-22: central NICS (in bold), BREs for the out-of-plane aromaticity (in brackets: BREs for the 
in-plane homoaromaticity), ELF-weights of resonance forms featuring cyclic homodelocalization 
(percentages in brackets above the arrows) [111, 127, 162]. 




Figure 1.13 

Geometry of the 
[Fe(C 9 H 3 )]+ complex at 
the B3PW91 /6-31G**/ 
LANL2DZ(Fe) level. 
Bond lengths are in A. 
Values in square brack¬ 
ets are bond lengths at 
the B3PW91 /6-311+G* 
level. Values in round 
brackets, are those of 
the free anion at the 
B3PW91/6-31G** level 
[178], 
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Further speculative synthetic targets related to the carfoo-benzene structure were 
identified on the basis of DFT calculations. Soncini, Fowler, et al. studied a hexa- 
azahexaborine analogue of carfoo-benzene in which BN (in place of C 2 ) units are 
inserted in a head-to-tail manner into the bonds of a benzene ring [164]. The mo¬ 
lecule was found to be aromatic in the structural and magnetic senses (C 6h sym¬ 
metry, homogeneous diatropic ring current). 

Push-pull chromophores involving carfoo-phenylene units were investigated for 
possible first-order NLO properties. At the ZINDO level, the static quadratic hyper¬ 
polarizability of the full carbo -mer of p-nitroaniline ((3 0 = 841 X 10 -30 cm 5 esu -1 ) is 
80 times greater than that of p-nitroaniline (P 0 = 10 X 10 -30 cm 5 esu -1 ) [180]. A sys¬ 
tematic study of 32 partial carbo- mers, optimized at the MM level, showed that 
much simpler derivatives such as 24 (Scheme 1.16) still exhibit a promising p 0 
exaltation: p 0 (X = NH 2 ) = 810 X 10 -30 cm 5 esu -1 , p 0 (X = H) = 633 X 10 -30 cm 5 
esu -1 . However, carbo -merization of the acceptor N0 2 group remains essential. 
The properties of the NC 4 0 2 group were thus investigated at higher levels of theory 
(DFT and CASSCF). Several nearly degenerate conformational minima were 
found, the sp carbon atoms exhibiting strong carbenic character. This suggests a 
high flexibility and instability of the NC 4 0 2 group, thus discouraging attempts at 
experimental synthesis. 

Chromophores made up of ethynyl-carfeo-phenylene units bridging pyridinium 
and phenolate end groups have also been envisioned [88], but no p 0 exaltation 
was predicted. These structures were, however, included in the (3 0 vs. ABLA corre¬ 
lation (Figure 1.6) discussed in Section 1.2.4.2. 

The “second” ring carbo -mer of benzene, 25 (Scheme 1.16), was also considered 
[179]. Its optimized structure is D sh and its central NICS value, of -18.9 ppm 
(B3LYP/6-31+G*), is virtually identical to that of the “first” ring carbo -mer 18 
(Figure 1.12). It is noteworthy that the recognized efficiency of procedures for 
C sp -C sp coupling (with respect to C sp -C spi coupling) might facilitate the synthesis 
of carbo 2 -benzene derivatives (with respect to carfoo-benzene) [181]. 



25 


24 


23 


Scheme 1.16 Carfao-pentalene 23 [175], partial carbo -mer of p-nitroaniline 24 [180], and carbo 2 - 
benzene 25 (bond lengths calculated at the B3PW91/6-31G* level) [179], 
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1.3.2.4 Cyclo[n]carbons 

As emphasized in Section 1.2, sp carbon chains stabilize by ring-closing for n > 10. 
Despite their higher theoretical stability, the carbon rings remain experimentally 
elusive under the high-temperature conditions (> 2000°C) at which gaseous car¬ 
bon clusters are produced. The open chains are indeed entropically favored 
through the possibility of large-amplitude motions [17]. The temperature-depen- 
dent rate constants for the cyclization and the ring snapping of C 8 , C 10 , and C 12 
were thus calculated within the rotor-harmonic oscillator approximation at the 
B3LYP/6-311G* level [182]. Above 1000 K, it was shown that both processes, in 
either the singlet or triplet series, are already very fast on the timescale of cluster 
production, and that above 3000 K, cyclization is slower than ring snapping 
(Scheme 1.17). It was proposed that trapping of carbon rings by fast cooling to 
—1000 K could be envisioned [182]. 
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Scheme 1.17 Interconversion between linear and cyclic forms of C 10 through cyclisation and 
ring snapping processes. The incipient bond of the transition state is longer in the singlet series 
(d = 2.94 A) than in the triplet series (d = 2.53 A) (B3LYP/6-311G*) [182], 


Thanks to their possible stabilization by double aromaticity [183], cy- 
clo[4n+2]carbons have attracted specific interest [1], Since the C 18 member of this 
series was detected by Diederich et al. [184], several efficient molecular precursors 
for their generation have been designed [185]. In a critical review, Houk et al. con¬ 
sidered four types of geometry for potentially aromatic cyclo[4n+2]carbons 
(Figure 1.14), and reported that calculations at the RHF/6-31G* level predict Ci 8 
to possess a C 9h polyacetylenic structure [1, 186], the cumulenic and polyacetylenic 
D 9h structures being less stable by 32 and 0.3 kcal mol -1 , respectively. Introducing 
electron correlation through the nonlocal BLYP functional and applying an empiri¬ 
cal correction for the recognized overestimate of the energy of allenylene units by 
DFT methods (approximately 6 kcal mol -1 with respect to propynylene isomers), 
the authors confirmed that the C 9h polyyne is approximately 36 kcal mol -1 more 
stable than the D 9h cumulene. The polyacetylenic D 9h structure is actually the low¬ 
est transition state for valence interconversion between two C 9 h minima, just as the 
D 4h structure of singlet cyclobutadiene is the transition state between two D 2 h 
minima. This behavior is not anticipated from the “aromatic” Hiickel electron 
counts of C 18 for both n systems. The low symmetry of the equilibrium geometry 
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for cyclo[4n+2]carbons, however, is specific to the large size of C 18 . The “normal” 
tendency is restored for the smaller cyclo[10]carbon: the cumulenic D 5h structure 
(more symmetrical in terms of bond lengths) is a minimum, 25 kcal mol -1 
below the polyacetylenic D 5h structure. At the same level of theory, the validity 
threshold of the Hiickel rule for cyclo[4n+2]carbons is claimed to occur just 
below n = 3: for C 14 , the D 7h and C 7h polyacetylenic structures already lie a 
few kcal mol -1 below the D 7h cumulenic structure. The polyacetylenic character 
of C 14 , C 18 , and higher homologues was later confirmed at the RHF level of theory 
[187]. Finally, limited MCSCF or CCSD calculations from HF geometries, and 
quantum Monte Carlo calculations on C 14 and C 18 , showed that electron correlation 
results in decreased bond length alternation but still favors polyacetylenic struc¬ 
tures [188]. For all C 4fl+2 molecules, the maximum D( 4 „ +2 )h symmetry is thus at 
least reduced to D (2 „ + jj h through either kinds of structure, cumulenic (bond 
angle alternation) or polyacetylenic (bond length alternation) (Figure 1.14). 

• For small C 4n+2 molecules such as C 6 (or C 10 ), most calculation methods, includ¬ 
ing post-HF [188], indicate that they undergo bond angle alternation, but pre¬ 
serve bond length equalization. The a-n separation is a prerequisite of the Hiickel 
model. In small planar rings, however, it does not hold for the MOs, which 
mix with a MOs: the six (or ten) electrons in the pure 7t z MOs obey the Hiickel 
rule and tend to induce D 6h (or D 10h ) symmetry through equalization both of 
bond lengths and of bond angles. The a-it^ mixing induces a second-order 
Jahn-Teller distortion, which partly reduces the symmetry to D }h (D 5h ) at the 
angular level only [187]. 

• For larger C 4n+2 molecules, the a-7i xy mixing tends to disappear. In spite of the for¬ 
mal validity of the Hiickel model for both n systems, reduced symmetries of the 
polyacetylenic kind are calculated. This discrepancy is ascribed here to a Peierls 
distortion [187]. Cyclo[4w+2]carbons of increasing size indeed become semi-me- 
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tallic, and a simple modified Su-Schrieffer-Heeger (SSH [189]) treatment (based 
on the a-Tt separation) shows that the Peierls transition must take place for some 
n value depending on the electron-phonon coupling parameter A ep = Sy 2 /(nKji). 
Here, y is a linear coefficient describing the variation of the hopping integral Ji 
with the bond length alternation parameter <5 d (Aji = y <5 d ; E n = f y> g(<5 d )) and K is 
the coefficient of the harmonic potential describing the a bonds/electrostatic fra¬ 
mework (E 0 = n K <5 d 2 /2). A fit of the HF results for cyclocarbons from C 4 to C 42 
gives A ep ^ 0.44, which corresponds to medium electron-phonon coupling. An 
analogous analysis at the DFT (LDA/plane-waves) level afforded a stronger cou¬ 
pling parameter 2 ep 0.24 (at this level, cyclo[4n+2]carbons up to C 42 are pre¬ 
dicted to be cumulenic). In accordance with spectroscopic evidence, the Peierls 
transition should occur beyond C 22 [190]. 

The Peierls transition can be regarded as a breakdown of the formal Hiickel rule 
for predicting structural aromaticity. On the other hand, the variation of energetic 
aromaticity of the C 2 „ rings can be roughly visualized from the plot of atomization 
energies against n [187]. Their relative stability with respect to isomeric chains, 
cages, plates, and bowls (2 > n >16) has also been discussed in more detail on 
the basis of various DFT treatments [191]. Relevant energetic information was 
also gained from comparison of experimentally obtained electronic spectra of the 
C 10 , C 12 , and C 14 rings with results of ab initio calculations [192]. 

1.3.3 

corijo-Heteroannulenes 

At the B3PW91/6-31G** level, the structures of carbo -pyridine 25a and carbo- phos- 
phinine 25b (Scheme 1.18) exhibit C 2v symmetry with C-C bond lengths and cen¬ 
tral NICS values similar to those of carfoo-benzene [193]. These data support strong 
aromatic character in 25a and 25b. 

The ELF bifurcation-trees indicate that the P lone pair domain of 25b separates at 
ELF = 0.68, just after the C-H basins (occurring at ELF = 0.67). In accordance with 





X = 0, NH, S, PH,N + , P + 

X = PH=0 <-» PH + - 0“: 26a 
X = C=Q <h> C + - 0“ 26b 


25 b 


Scheme 1.18 Ring carbo -mers of cyclically conjugated heterocycles. The values attached to the 
lone pairs and C-H and C sp -C sp bonds of 25a and 25b correspond to the latest ELF bifurcation 
values of the corresponding domains (ELF-nucleophilicity indices) [193], 
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the stronger nucleophilicity of nitrogen, the N lone pair domain of 25a separates at 
a much higher value (0.80). Nevertheless, as in carbo-benzene (Figure 1.12), the 
most nucleophilic sites remain the C sp =C sp edge units, which separate at ELF = 
0.87, while the sp vertex units separate earlier (at ELF «» 0.70): as in carbo- 

benzene, electrophilic attack is not directed towards the vertices, and should 
break the aromatic C 2v nucleus. 

As expected from the Hiickel rule (16 p/7i z electron counts), the ring carbo -mers 
of furan, pyrrole, thiophene, and phosphole are strongly antiaromatic by structural 
and magnetic criteria. Formal oxidation of carfeo-phosphole through oxygenation or 
hydride abstraction reduces the p/rr z electron counts to 14, and so restores aroma¬ 
ticity. On going from corbo-phosphole to carfeo-phospholylium, the symmetry thus 
increases from highly distorted Cj to Qv> while the NICS value decreases from the 
“abnormal” value of +174.3 ppm to -15.5 ppm. Carfoo-phosphole oxide 26a (C s , 
NICS = -4.9 ppm) has been compared with the ring carbo -mer of carbo- cyclopen- 
tadienone 26b (C 2v , NICS = - 8.1 ppm). ELF-weighting of resonance forms shows 
that they both exhibit negligible in-plane cyclic homodelocalization, and 44 % out- 
of-plane cyclic (homo)delocalization (Figure 1.15). The ELF basin of the P-O bond 
of 26a contains less than two electrons, enforcing the occurrence of the no-bond 
resonance forms. This picture suggests that the delocalization of the 14 n z elec¬ 
trons through the C(O) (or PH(O)) vertex takes place through conjugation (or 
homo-conjugation) of p z AOs. In the case of 26a, the homoconjugation is based 
on a negative hyperconjugative effect of the a P-0 bond. 



Figure 1.15 Comparative ELF-weighting of the resonance structures of carfao-phosphole oxide 
(26a) and carbo-c yclopentadienone (26b) [193], 
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1.4 

Star-Shaped Acetylenic Scaffolds 

Hexaethynylbenzene is a paradigm of star-shaped acetylenic scaffolds [151]. This 
class is extended here to any molecule with cross-conjugated or radially “homo”- 
conjugated triple bonds in at least three directions from a central core. The central 
core can be variously an atom, a rod, a ring, or even a cage (expanded adamantane 
[31] or cubane [194]). 

1.4.1 

Atomic Cores 

The synthesis and the X-ray crystal structure of tetraethynylmethane (Scheme 1.19) 
(or “carfeo-methane” [4]) have been reported by Feldman [195]. On the basis of Mul- 
liken charges and substituent electronegativity effect analyses, Schaefer III et al. 
explained the discrepancy between experimentally determined (X-ray) and calcu¬ 
lated (HF, MP2) structures in terms of a n electron compression effect [196], elon¬ 
gating the C sp3 -C sp bonds and shifting the electron density of the corresponding 
internal C sp atoms towards the external C sp atoms: the electron density-based X- 
ray diffraction analysis would thus locate the internal C sp atom closer to the 
other C sp atom (1.14 A) than actually seen for the nucleus (approximately 1.20 A), 
thus giving an apparent contracted C sp =C sp bond length. This experimentally deter¬ 
mined shortening is also not reproduced by semiempirical calculations (PM3, 
AMI, MNDO) [197]. The weak strain of the molecule was also estimated through 
the homodesmotic reaction: 4 CH 3 -C=CH —» C(C=CH) 4 + 3 CH 4 , AH°(MP2) 
= 5 kcal mol -1 . The strain of tetrabutadiynylmethane (R = C=CH, Scheme 1.19) 
is even lower. 



Scheme 1.19 Tetraethynylmethane and substituted derivatives 
studied at the SCF level [196], 


1.4.2 

Rod Cores 

Tetraethynyl-ethylene (TEE) 27 [198], -allene 28 [199], and -butatriene 29 [200] (or 
carfco-ethylene [4]) (Scheme 1.20) were studied at the SCF level. The equilibrium 
geometry and vibrational frequencies of 27 and 29 are in good agreement with ex¬ 
perimental findings [196]. The remote (cross-) conjugation energy of these struc- 
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tures was estimated through the enthalpy of isodesmic formation from vinylacety- 
lene. At the MP2 level it is close to zero, except for 28 (+9 kcal mol -1 ), in which the 
two 7i systems are indeed orthogonal. The heats of formation of these molecules 
are very high (AH°f(27, MP2)= +317 kcal mol -1 ). As a complementary result, the 
stabilizing effect of the SiMe 3 substituent could be partly attributed to a hypercon¬ 
jugation effect. Finally, the polarizability <a> and second hyperpolarizability <y> 
were calculated with an augmented STO-3G basis set: the <a> and <y> values 
consistently increase with the extension of n conjugation. In particular, 28 exhibits 
a lower <y> value (39 980 a.u.) than 27 (46 030 a. u.) and 29 (72 210 a. u.). 




Scheme 1.20 Star-shaped acetylenic scaffolds with rod-shaped cores. 


Both linear and cross-conjugative pathways for electron delocalization are opera¬ 
tive within the TEE framework of 27 (Scheme 1.21) [7]. 



Scheme 1.21 Planar phenyl-substituted TEE exhibiting full 
two-dimensional conjugation. Paths a and b depict tram- and 
cis-linear conjugation, whereas path c depicts geminal cross¬ 
conjugation. From reference [7], 


Physical characteristics of TEEs may be tuned by suitable choice of donor and/or 
acceptor substituents. Geometries of mono- and bis(p-nitrophenyl) TEE derivatives 
were calculated at the HF/6-31G** level [201]. The enediyne character is dominant 
in the neutral and the one-electron reduced compounds, and is similar in the par¬ 
ent TEE and in its substituted derivatives. Upon bielectronic reduction, however, 
the molecule adopts a cumulenic/quinoid form, whereas the bonds located outside 
the main conjugation path are affected neither by the substitution nor by the 
reduction process. In contrast to tetraphenylethylene and tetracyanoethylene, 
which exhibit twisted equilibrium structures in their reduced states, the disubsti- 
tuted TEEs retain planarity in all reduced states. 
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The reversible photochemical trans-cis isomerization of TEEs substituted with 
electron-donating (p-dialkylaminophenyl) and/or electron-withdrawing (p-nitrophe- 
nyl) groups was investigated at the semiempirical AMI level [202]. As the frontier 
orbitals are concentrated about the central olefinic bond, the (photochemical) pro¬ 
motion of an electron from the HOMO to the LUMO results in an elongation of 
this bond. The barrier to rotation is therefore strongly reduced, enabling facile iso¬ 
merization. 

Substitution of p-nitrophenyl acceptors by 5-nitro-2-thienyl moieties allows the 
third-order NLO efficiency of donor-acceptor functionalized TEEs to be improved 
[203]. Semiempirical studies of these compounds have attested to the dual role 
of the nitrothienyl group. This acts as a strong electron acceptor, but its elec¬ 
tron-rich thiophene ring is also involved as a donor in a few electronic transitions. 
The TEE backbone is also able, depending on the substituents and the substitution 
pattern ( cis , trans or geminal), to act either as a donor or as a weak acceptor. 

N,N-Dialkylaniline-substituted TEEs exhibit dual fluorescence [204]. This may be 
described in terms of a first higher-energy emission, due to the initial excitation to 
the locally excited (LE) state, and a second lower-energy band (A-band), due to 
emission from an internal charge-transfer (CT) state. The twisted intramolecular 
charge transfer (TICT) model assumes that the molecule relaxes from its LE 
state to a minimum on the excited state surface through twisting of the donor 
group into a plane perpendicular to the acceptor group. Along this twisting coordi¬ 
nate, there is an increase in the CT, which gives rise to the highly polar structure 
responsible for the A band. TDDFT computations allow such a TICT to be inferred 
for the above N,N-diallcylaniline-substituted TEEs [204]. 

Expanded dendralenes with iso-PTA [205] or iso-PDA [206] backbones have been 
reported (Scheme 1.22). Semiempirical PM3 calculations indicate that the planar 
all-s-trans conformation is not the most stable, and that slightly twisted s-cis and 
“U-shaped” geometries are preferred. This illustrates that effective tt conjugation 
between adjacent C=C and C = C bonds does not require full planarity of the C 4 
fragment [207]. 



C Si('Piy) 
n = 2,3,4,8 



n < 9 


iso-PTA series 


iso-PDA series 


Scheme 1.22 Expanded dendralenes from reference [207], 
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1.4.3 

Cyclic Cores 

1.4.3.1 Annulene and Dehydroannulene Cores 

Hexaethynylbenzene (HEB) 31 [208], tetraethynylcyclobutadiene 30 (known as r| 4 
ligand in metal complexes [151]), and octaethynylcyclotetraene 32 (Scheme 1.23), 
have been studied at the AMI level and compared with their ring carfoo-annulene 
isomers [163]. Structures 30 and 32 were found to be less stable than their “anti¬ 
aromatic” carbo-cyclobutadiene (21) and carfoo-cyclotetraene isomers, by 40.3 and 
12.2 kcal mol -1 , respectively. 





30 


31 


32 


Scheme 1.23 Neutral perethynyl annulenes. 

After early MNDO and HF calculations reproducing the experimental geometry 
of HEB 31 [209], excited singlet electronic states and chromophoric properties of 
phenyl derivatives thereof were characterized from single (limited to tt MOs) and 
double configuration interactions [210]. The electric and magnetic properties of 
hexaethynylbenzene 31 were also investigated at the coupled HF level [211]. 
HEB was thus calculated to be three times as polarizable as benzene. By use of dis¬ 
tributed-origin methods for the vector potential (CTOCD-DZ or -PZ), ring current 
density maps in and 1 a 0 above the molecular plane indicate that no current links 
the ethynyl arms, either through space or through bonds. 

Dissymetrical HEBs could be obtained by decarbonylative Diels-Alder reactions 
of alkynes with tetraethynylcyclopentadienone [212]. Regioselectivity features could 
be analyzed from the relative localization of PM3-calculated frontier orbitals of 
the star-shaped substrate. On this occasion, the octaethynyldibenzo[8]cyclyne 33 
(Scheme 1.24) was obtained, and the determination of its X-ray crystal structure 
was assisted by comparison with its PM3 or ab initio optimized geometry [212]. Re¬ 
course to PM3 calculation was also useful for interpretation of the steric strain in 
the X-ray crystal structure of a tetraethynylcyclobutadiene cobalt complex [213]. 

Hexaethynyl substitution of dehydroannulenes has also been envisioned. The 
magnetic criteria indicate that hexaethynyl substitution slightly reduces the 
antiaromaticity or aromaticity of the dehydroannulene rings: NICS(34) = +8.8 
< NICS(IO) = +10.6 ppm, and NICS(12) = -5.6 < NICS(35) = -4.9 ppm 
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(Schemes 1.11, 1.24) [139]. The effect of hexaethynyl substitution is, however, 
much less pronounced than in the case of carfro-radialenes (Section 1.4.3.2). 

HEB and lower expanded versions are currently used as electronic transmitters 
[214]. Thus, a ferromagnetic metal-metal exchange interaction was detected 
for [(C 5 Me 5 )(dppe)Fe(iii)-] + units bridged through 1,3-diethynylbenzene or 1,3,5- 
triethynylbenzene spacers [58, 215]. Theoretical studies support the experimentally 
obtained results [216]. 

Of the star-shaped structures, dendrimers should not be omitted. Second hyper¬ 
polarizabilities (y) were calculated at the semiempirical level for ethynylphenylene 
(EP) dendrimers. In the case of 24 phenylacetylene units, the y value was found to 
be six times smaller than that of the linear p-EP oligomer of the same size [217]. 


1.4.3.2 Radialene and Expanded Radialene Cores 

The longstanding discussion relating to the weak aromaticity of radialenes [218] 
has been theoretically resumed within a more general framework for [3]radialene 
and acetylenic expansions thereof [219]. The starting point was the observation 
that perethynyl derivatives of doubly expanded [3]- and [4]radialenes (e. g., the hex- 
akistrimethylsilyl derivative of 36b, with R = C=C-SiMe 3 in Scheme 1.25 [220]) pos¬ 
sess low reduction potentials, and the question at stake was whether enhanced 
aromaticity of the anions could be the driving force. 

The geometry and the central NICS of a complete set of eighteen carbo-[ 3]radia- 
lenic species in the singlet or doublet spin states were calculated at the B3PW91/6- 
31G** and B3PW91/6-31+G** levels, respectively (Scheme 1.25). The central rings 
in all the structures were found to be planar with a symmetry close to D 31l . For hex- 
aethynylradialene 36b (C 18 H 6 , an isomer of carbo-benzene; see Section 1.3.2.3) the 
bond lengths show a stronger delocalization than those previously obtained at the 
SCF level [196] (+ 0.02 A), as would be expected from the well known relative ten¬ 
dency of the DFT methods in relation to HF methods. The central NICS values are 
all negative, except for the singly expanded monoanion [37a]“ (C 2v , NICS = 
+4.0 ppm). Interestingly, hexaethynyl substitution has a dramatic effect, since 
the NICS value drops to -16.4 ppm in [37b]“. Over all species with a non-expanded 
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<7 = 0 , - 1,-2 


a: R = H, 
b: R = C=C-H; 


Scheme 1.25 A complete set of carbo-[3]radialene species studied at the B3PW91 level [219], 


(36) or doubly expanded (38) ring, a remarkable linear correlation is obtained be¬ 
tween NICS and o(d), the root mean square deviation from the average bond 
length of the radiacycle, showing that structural and magnetic aromaticities vary 
in a highly parallel manner (NICS « -34.15 + 405.5o(d); R = 0.9986). Furthermore, 
a correlated exaltation of structural and magnetic aromaticities is observed through 
all the reduction processes, which all result in an average bond length equalization 
over the radiacycle and in a decrease in the NICS (but the 37a —» [37a]” reduction). 
According to the ELF basin populations, the neutral structures 36a-38a exhibit 
some electron delocalization. The additional electrons of the monoanions are 
then homogeneously absorbed by the ring valence basins in [36a]” and [38a]”, 
and repelled to the peripheral double bond in [37a]” (Figure 1.16). Finally, the 
additional electrons of the dianion [38a] 2 ” partly localize in monosynaptic valence 
basins corresponding to CH 2 ” lone pairs. 






3.51 2.13 2.10 2.10 3.47 2.30 5.38 210 3.41 231 5.30 2.62 

I I I +e I I I I ** I I I II 

3.53 2J3 2.15 2.10 iSQ 2.47 5.22 210 JL5Z 2JJZ 5.30 2.69 

I I I II 

2.10 285 2.37 5.20 2.82 QJifi 


Figure 1.16 ELF basins of carbo k -[ 3]radialenes and variation of their populations upon reduction 
[219] (k = 0,1,2). 
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The special status of the mono-expanded series (37) is also apparent in the MO 
diagrams. Indeed, the HOMO and LUMO of 37a are higher in energy than the cor¬ 
responding MOs of 36a and 38a, although their gaps rank, as expected, in the order 

36a > 37a > 38a. 

The ELF-weighting of the resonance forms of [36a] 9 , [37a] l} , and [38a] 11 (q = 0, -1) 
is consistent with AIM atomic charges and spin densities, and allows for the defi¬ 
nition of a formal average number of endocyclic paired jr z electrons, n. It was inciden¬ 
tally observed that the closer to a 4m+2 integer the n value, the more negative the 
NICS value, and a general quantitative correlation (including the monoexpanded 
series 37) between the magnetic (NICS), structural (a(d)), and formal (n, Hiickel- 
like) aromaticity measures was heuristically proposed. 

Vertical and adiabatic first and second electron affinities (EAs) of unsubstituted 
(a) and perethynylated (b) structures were calculated. Experimentally measured 
EAs or reduction potentials for a systematic calibration are still lacking, but regard¬ 
less of their absolute values, the calculated EAs systematically increase by 1-2 eV 
upon hexaethynyl substitution. This observation is consistent with the surprisingly 
low experimentally determined reduction potentials of hexaethynylradialenes. This 
phenomenon is basically explained by detailed analysis of aromaticity enhance¬ 
ment upon reduction and ethynyl substitution. 

In the realm of still fictitious but beautiful molecules, radialene-like pure carbon 
dianions (CC 2 )„ 2- (n = 3-6) deserve to be evoked [221]. They have been investigated 
at the RHF, MP2, and CCSD levels, and their representation is reminiscent of that 
of oxocarbon dianions (CO) 2 2- , in which the oxygen atoms would be replaced with 
C 2 units. Their aromaticity has been studied with classical tools traditionally used 
for more stable organic molecules (resonance forms, NICS,...). 


1.5 

Cage Acetylenic Scaffolds 

Whereas oligoacetylenic cage molecules with sp 2 vertices are studied because of 
their close resemblance to fullerenes [151], those with sp 3 vertices remained un¬ 
known until only recently. At the theoretical level, we should just mention SCF 
and DFT calculations on a highly putative strained cage (dehydropaddlane) struc¬ 
ture containing two coupled tetraethynylmethane units [222]. In 2002, Diederich 
et al. reported the characterization of an expanded cubane and its conversion 
into fullerene cations [223]. Their exceptional strain is revealed by their heats of for¬ 
mation at the AMI and PM3 levels (approximately 1000 lccal mol -1 ). Computational 
studies of a related structures at the B3LYP level appeared shortly afterwards [121]. 

The lower homologue expanded by simple C 2 units (which could be called 
“[C,C] 12 -carfoo-cubane “ [4]) exhibits a Oi, geometry. In comparison with [4]peri- 
cyclyne (Section 1.3.1.2), the C-C bond lengths are essentially identical, but the 
C-C=C angles close from 171° to 166°. This allows almost normal bond angles 
to be preserved at the sp 3 vertices (107°). Through the use of an isodesmic scheme, 
the ring strain was estimated as 51 kcal mol -1 , hence quite high but much lower 
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Scheme 1.26 Expanded cubanes. The doubly expanded structure is experimental [223], Depro¬ 
tonation energies (DPE) and rings strain energies (RSE) are in kcal mof 1 (B3LYP/6-31+G*) [121]. 


than in the parent cubane (140 kcal mol -1 ). The expanded cubane is predicted to be 
quite acidic because of trigonal conjugation of the negative charge with the triple 
bonds and a lowering of ring strain in the conjugated base (Scheme 1.26): the 
deprotonation energy at the B3LYP/6-31+G* is 316 kcal mol -1 , while it is 
400 kcal mol -1 for cubane. The complexing properties of the neutral expanded 
cubane was also investigated: the Li + complex is quasi face-centered (C 4v ), while 
the Na + complex is cage-centered (O h ). 


1.6 

Conclusion 

As a synthetic epilogue, the valence flexibility of the acetylenic linkage -C=C- 
might be partly compared with that of a low-valent metal center, and indeed, sev¬ 
eral specific properties provided by either unit are of the same nature (e. g., redox, 
conducting, NLO,...). Nevertheless, any analogy between acetylenic chemistry and 
organometallic chemistry remains limited. Indeed, while organometallic com¬ 
plexes are prepared by anchoring ligands to a metallic center, acetylenic scaffolds 
cannot be generally obtained by direct insertion of C 2 units into parent molecules. 
It may be mentioned, however, that acetylene has been observed as a source of C 2 
in a model reaction for the growth of polycyclic aromatic hydrocarbons (PAH) by 
C 2 accretion [224]. From a more fundamental standpoint, crossed beam experi¬ 
ments under very low pressure conditions (approximately 10 -10 bar) coupled 
with ab initio calculations showed that insertion of dicarbon into one (central) 
bond of simple molecules such as dihydrogen [225], methane [226], ethylene 
[227], or water [228] is chemically feasible. The case of acetylene was detailed 
recently [229]. The generation of butadiynyl and hydrogen radicals from dicarbon 
and acetylene (e. g., at a collision energy of 24 kj mol -1 ) was shown to take place via 
the butadiyne intermediate at the CCSD(T)//B3LYP level (Scheme 1.27). But let 
us stop dreaming of any generalization... 
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Scheme 1.27 Schematic generation of diacetylene by insertion of singlet (ground state) dicarbon 
into the triple bond of acetylene (CCSD(T)/6-311 +G(3df,2p)//B3LYP/6-311 G(d,p)) [229], 
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2 

Synthesis of Heterocycles and Carbocycles by Electrophilic 
Cyclization of Alkynes 

Richard C. Larock 


2.1 

Introduction 

Electrophilic, nucleophilic, and free radical additions to alkenes have been employed 
in the synthesis of heterocycles and carbocycles for a long time [1], but analogous 
reactions of acetylenes have only recently found widespread application. We earlier 
reviewed the addition of H-X reagents, where X was a halogen or heteroatom, to 
carbon-carbon double and triple bonds [2]. This chapter will review many synthe¬ 
tically useful electrophilic acetylene addition reactions that generate heterocycles and 
carbocycles and a few closely related nucleophilic cyclizations. While there are many 
other very useful reactions of alkynes that lead to heterocycles and carbocycles, they 
are beyond the scope of this review, so no attempt will be made to cover intramo¬ 
lecular Diels-Alder reactions of alkynes; transition metal-catalyzed alkyne and enyne 
metathesis chemistry; cycloaddition reactions of alkynes; transition metal carbene- 
promoted annulations of alkynes; Bergman and related diyne cyclizations; the syn¬ 
thesis of arenes by alkyne cycloaddition chemistry; the Pauson-Khand reaction; in¬ 
tramolecular photochemical, nucleophilic (with a few exceptions), or free radical 
cyclizations of alkynes; or numerous transition metal-catalyzed reactions of enynes 
and diynes that produce heterocycles or carbocycles. Many of these topics have re¬ 
cently been reviewed, or leading references can be found in recent publications. 


2.2 

Cyclization of Oxygen Compounds 

2 . 2.1 

Cyclization of Acetylenic Alcohols 

A variety of oxygen-containing heterocycles have been obtained by the cyclization of 
acetylenic alcohols. Furans have been obtained by the base-promoted cyclization of 
alkenynols (Equations 2.1 and 2.2) [3]. 
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Equation 2-1 


Equation 2-2 


Treatment of 3-alkyne-l,2-diols with I 2 in the presence of NaHC0 3 provides a 
very convenient synthesis of 3-iodofurans (Equation 2.3) [4]. This reaction presum¬ 
ably involves electrophilic cyclization, followed by dehydration. The corresponding 
silyl ethers can also be employed as starting materials [4b]. 



Equation 2-3 


Propargylic alcohols react with HgCl 2 to generate vinylic mercurials that are 
readily cyclized to furylmercurials [5] (Equation 2.4) or carbonylated to butenolides 
(Equation 2.5) [6], 



Equation 2-4 


Equation 2-5 


4-Alkyn-l-ols have also been cyclized to vinylic ethers by using mercury salts 
(Equation 2.6) [7]. If halosuccinimides are added to the reaction, the corresponding 
vinylic halides can be obtained. 



Hg(0 2 CCF 3 ) 2 
or HgCI 2 
NB3 
(NXS) 



X = H, Cl, Br, I 


Equation 2-6 
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The isobenzofuran ring has been prepared from an acetylenic benzyl alcohol by 
use either of stoichiometric Hg(OAc) 2 , followed by NaBH 4 , or of catalytic amounts 
of HgO plus BF 3 (Equation 2.7) [8]. 



HgO, BF 3 
or 

1. Hg(OAc) 2 

2. NaBH 4 



CHPh 


Equation 2-7 


Palladium catalysts have been widely employed to cyclize alkynols to hetero¬ 
cycles. Thus, 2-methoxy-3-alkyn-l-ols readily cyclize to furans (Equation 2.8) [9]. Si¬ 
milarly, alkenynols can be cyclized to furans [10] (Equation 2.9) and pyrans [11] 
(Equation 2.10), and alkynediols have been cyclized to bicyclic acetals [9] (Equa¬ 
tion 2.11). 



cat. PdCI 2 
MeCN, reflux 



cat. Pdl 2 , Kl 
A/,A/-dimethylacetamide 


cat. PdCI 2 (MeCN) 2 

THF ' 


CF 3 



n-C 3 H 7 O R 





Equation 2-8 


Equation 2-9 


Equation 2-10 


r 

OH 




cat. PdCI 2 
MeCN 



n= 1-3 


Equation 2-11 


Palladium and copper catalyze the cyclization of acetylenic alcohols to a variety of 
lactones and heterocyclic esters. Propargylic alcohols have been cyclized either to 
(Z)-a-chloromethylene-(3-lactones in the presence of CO (Equation 2.12) [12] or to 
cyclic carbonates in the presence of C0 2 (Equation 2.13) [13]. The carbonylation 
of l-alkyn-4-ols affords a-methylene-y-butyrolactones (Equation 2.14) [14]. Analo¬ 
gous silylalkynols have been converted either into simple saturated lactones [15] 
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or into lactones incorporating two carbonyl groups [16], depending on the reaction 
conditions (Equation 2.15). Under the latter reaction conditions, simple 3-alkyn- 
1-ols afford a-methoxyalkylidene-y-butyrolactones (Equation 2.16) [17]. Similarly, 
l-alkyn-5-ols cyclize to the corresponding tetrahydrofuran-containing esters (Equa¬ 
tion 2.17) [18]. Modest enantioselectivity has been achieved in this latter process 
with utilization of a chiral ligand [18]. Finally, furyl esters can be obtained from 


R 1 



Equation 2-12 


Equation 2-13 


R 



—H 


cat. PdCI 2 , SnCI 2 , CO, MeCN 
n-Bu 3 P or PPh 3 



Equation 2-14 



cat. Pd(ll) 
CuCI 2 , 0 2 
iHCi 

MeCN 


Rh^-—=—TMS 
R 2 ' >< 'OH 


cat. PdCI 2 , CuCI 2 
CO, MeOH 
propylene oxide 
ethyl orthoacetate 




cat. PdCI 2 , CuCI 2 , MeOH 


CO, propylene oxide 
ethyl orthoacetate 



Equation 2-15 


Equation 2-16 



CO, MeOH 
cat. Pd(OAc) 2 
benzoquinone 



cat. Pdl 2 , Kl 
CO, MeOH 


R 2 R 3 



CO2M6 


Equation 2-17 


Equation 2-18 
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alkenynols (Equation 2.18) [19]. 

Tungsten chemistry has provided a novel approach to cyclic ethers. The photocy- 
clization of l-alkyn-5-ols in the presence of W(CO) 6 plus DABCO affords either 
five- or six-membered ring unsaturated ethers depending on the substitution pat¬ 
tern of the alkynol (Equation 2.19) [20]. Tungsten can also effect cyclization of 
4-alkyn-l-ols with incorporation of an aldehyde moiety (Equation 2.20) [21]. 



2 . 2.2 

Cyclization of Acetylenic Phenols 

The cyclization of acetylenic phenols provides a very convenient route to benzofur- 
ans. Benzofurans and 4-azabenzofurans have been prepared by reactions between 
2-ethynylphenols or -pyridinols and aryl halides or vinylic triflates (Equation 2.21) 
[22]. Undoubtedly, the reaction initially affords the corresponding substituted alky- 
nylphenol, which is then cyclized by the Pd and/or Cu salts present in the reaction. 
Analogous silylalkynes undergo a similar substitutive cyclization in the presence of 
microwave irradiation (Equation 2.22) [23]. 



+ RX 


4% PdCl2(PPh 3 )2 
4% Cul 
Et 3 N 



R = aryl, vinylic 


Equation 2-21 


cat. Pd, Cul 
KF-AI 2 0 3 
microwaves 



Equation 2-22 



2-(l-Alkynyl)phenols are readily cyclized to 3-substituted benzofurans by various 
electrophiles. For example, I 2 plus NaHC0 3 [24] or IPy 2 BF 4 plus HBF 4 [25] afford 
3-iodobenzofurans (Equation 2.23). 
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Equation 2-23 


Organopalladium compounds react readily with 2-(l-alkynyl)phenols to afford a 
variety of benzofurans. For example, allylic carbonates react with 2-(l-alkynyl)phe- 
nols in the presence of a Pd catalyst to produce 3-allylic benzofurans (Equa¬ 
tion 2.24) [26]. Propargylic carbonates afford analogous 3-allenylbenzofurans [27]. 
Aryl or vinylic triflates react similarly to afford 3-substituted benzofurans (Equa¬ 
tion 2.25) [22b]. These reactions proceed by: (1) oxidative addition of the organic 
carbonate or triflate to Pd(0), (2) electrophilic attack of the organopalladium inter¬ 
mediate on the alkyne to produce the benzofuran with the organopalladium moiety 
in the 3-position, and (3) reductive elimination of Pd(0), which produces the ob¬ 
served product and regenerates the Pd(0) catalyst. 



AcO^^^R 2 


cat. Pd(PPh 3 )4 
K 2 C0 3 



Equation 2-24 



R 2 X 

cat. Pd(PPh 3 ) 4 

1 KOAc 

MeCN 



R 2 = aryl, vinylic 


Equation 2-25 


In the presence of CO and a palladium catalyst, carbonyl-containing products are 
produced. When the reaction with aryl or vinylic triflates is run in the presence of 
CO, the corresponding ketones are generated (Equation 2.25) [22b, 28], Surpris¬ 
ingly, the reaction of 2-ethynylphenols, CO, and vinylic triflates affords 3-alkyli- 
dene-2-coumaranones (Equation 2.26) [29], while in the presence of just CO and 
an alcohol, internal alkynes generate benzofuran esters [30] (Equation 2.27) and 
lactones [31] (Equation 2.28). 



+ 


ROTf + CO 


cat. Pd(PPh 3 ) 4 | 

KOAc or K 2 C0 3 
MeCN 



R = vinylic 


Equation 2-26 
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Equation 2-28 


When the acetylene unit is further removed from the phenol moiety, palladium- 
catalyzed cross-coupling with organic halides and cyclization are still feasible 
(Equations 2.29 and 2.30) [32]. Palladium has also been reported to catalyze the cy¬ 
clization of o-hydroxyphenyl phenylethynyl ketone to aurone (Equation 2.31) [33]. 



+ 


R-X 


1. n-BuLi _ 

2. cat. Pd(OAc) 2 or cat. PdCI 2 , PPh 3 



R = Me, Ar, PhCH 2 ; X = I, Br; n = 0, 1 Equation 2-29 


cat. PdCI 2 (PPh 3 ) 2 
Cul, Et 3 N 


cat. Pd(dba) 2 
PPh3 






Equation 2-31 


2.2.3 

Cyclization of Acetylenic Ethers 

There are a few recent examples of acetylenic ethers being nicely cyclized to oxygen 
heterocycles. For example, an alkynyl acetal of diacetone glucose [34] (Equa¬ 
tion 2.32) and o-benzyloxy- and o-acetoxyalkynylpyridines [35] (Equation 2.33) 
react with NIS and with I 2 , respectively, to produce cyclic ethers. The alkynylpyri- 
dines can also be readily carbonylated in the presence of a Pd catalyst to produce 
the corresponding heterocyclic esters (Equation 2.33) [35]. 
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Equation 2-32 



OR 1 CO, cat. PdCI 2 

' 2 flVT' NaOAc, K 2 C0 3 

NaHC0 3 CuCI 2 -2 H 2 0 

MeOH , MeOH 

R r2 

R 1 = PhCH 2 , Ac 



Equation 2-33 


We have observed that simple methyl ethers of 2-(l-alkynyl)phenols can be very 
efficiently cyclized to 3-substituted benzofurans under very mild reaction condi¬ 
tions by the use of halogen, S, Se, and Hg electrophiles (Equation 2.34) [36]. 
The mercury chemistry also works on other alkyne-containing methyl ethers 
(Equations 2.35 and 2.36) [36b]. The resulting organomercurials are readily re¬ 
duced, halogenated, or carbonylated to esters. 


^x>ch 3 

E + 

rr°\ Dh 

^ JL 

CHcCH or HOAc 



25“ C 

\ 


Ph 

E 


E + = Br 2 , l 2 ,p-0 2 NC 6 H 4 SCI, PhSeCI, Hg(OAc) 2 



Equation 2-34 


Equation 2-35 


yyOCH 3 

^"''XCECR 


1. Hg(OAc) 2 , HO Ac 

2. NaCI, H 2 0 * 


6 



Equation 2-36 


Propargylic o-(l-alkynyl)phenyl ethers will rearrange in the presence of a Pd cat¬ 
alyst to afford mixtures of 3-allenyl- and 3-propargylbenzofurans (Equation 2.37) 
[37]. In a similar manner, analogous allylic ethers have been rearranged to 3-allylic 
benzofurans under similar conditions [26]. 
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Silyl ethers of alkynones have been cyclized by diethylamine to flavones [38] and 
cross-coupled with aryl halides in the presence of a palladium catalyst to produce 
aurones [39] (Equation 2.38). 


O 


Arl 


H 

Hi 

A 

r i 


cat. Pd(PPh 3 )4 

Hr 

u 


Et 2 NH 


■l ^R 1 

OSiMe 2 (f-Bu) 

cat. Cul 

k 2 co 3 



MeOH 


Equation 2-38 


Finally, acetylenic epoxides have been rearranged to oxygen heterocycles. Thus, 
alkynyloxiranes react with KH or KO-t-Bu to afford furans [40] (Equation 2.39), 
and tungsten intermediates have been cyclized to lactones (Equation 2.40) [41]. 



KH or 
KO-f-Bu 



Equation 2-39 



Equation 2-40 


2.2.4 

Cyclization of Acetylenic Acids and Derivatives 

Unsaturated five- and six-membered ring lactones are readily synthesized by the 
cyclization of 4- and 5-alkynoic acids by bases or catalytic amounts of Rh, Pd, 
Ag, and Hg salts (Equation 2.41) [42]. 3-Alkynoic acids afford butenolides in the 
presence of a Pd catalyst (Equation 2.42) [43]. Halogen reagents effect similar cy- 
clizations to halolactones (Equation 2.43) [44]. 
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RC=CCH 2 (CH 2 )„C0 2 H 



Equation 2-41 


rc=cch 2 co 2 h 


cat. PdCI 2 (PhCN) 2 
Et^N * 



Equation 2-42 


RC=CCH 2 (CH 2 ) n C0 2 H - 


X + = Br, l 2 , NCS, NBS, NIS 


X rty 

Y< 0 ^° 

R 


Equation 2-43 


Lithium alkynoate salts react with Pd salts and vinylic or allylic halides [45] or 
allylic acetates [46] to produce similar lactones substituted on the carbon-carbon 
double bond by a vinylic or an allylic group (Equation 2.44). The allylic products 
can also be obtained directly from the corresponding allylic alkynoate esters [46]. 
Propargylic acetates afford the corresponding allenic products [47]. If acrolein is 
employed as the olefin, aldehyde-containing lactones can be produced (Equa¬ 
tion 2.45) [48]. The products are consistent with the formation of a vinylic palla¬ 
dium species by cyclization of the alkynoate salt, which then reacts by adding to 
the double or triple bond of the olefm or alkyne. 


H 2 C=CHBr 

/ cat. PdCI 2 (PhCN) 2 * 
RC=CCH 2 (CH 2 ) n C0 2 Li Et 3 N, A 

n = 2-4 \_„ 

H 2 C=CHCH 2 CI (OAc) 



Equation 2-44 


cat. Pd(OAc) 2 
X 2 LiBr 

rc=cch 2 co 2 h+h 2 c=chcho H0Ac 

\ cat. Pd(OAc) 2 
cat. LiBr 
HOAc 


O 



Equation 2-45 


The reaction of aryl halides and vinylic triflates or halides [49] or 1-bromo-l-al¬ 
kynes [50] with 4-alkynoic acids in the presence of a Pd catalyst affords cross- 
coupled butyrolactones (Equation 2.46). Intramolecular examples of this chemistry 
have also been reported (Equation 2.47) [51]. 
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HC=CCH i CR l 2 C0 2 H. R*X^ 


R 1 
R 1 

o' r ° 

R 2 = aryl, vinylic, alkynyl Equation 2-46 



cat. Pd(OAc) 2 
P(2-furyl) 3 
KO-f-Bu 



Equation 2-47 


(Z)-2-Alken-4-ynoic acids react with catalytic amounts of Ag or Agl to afford pri¬ 
marily the corresponding five-membered ring lactones, while HgO gives mixtures of 
five- and six-membered ring lactones (Equation 2.48) [42b]. The reagents I 2 and 
NaHC0 3 in MeCN or IC1 in CH 2 C1 2 afford mixtures of iodofuranones and -pyrano- 
nes, in which the latter predominate (Equation 2.48) [52]. The corresponding methyl 
esters cyclize with I 2 or IC1 with comparable or better regioselectivity [52d, 53]. When 
aryl halides react with these acids in the presence of catalytic amounts of Pd(PPh 3 ) 4 
and K 2 C0 3 , mixtures of aryl-substituted furanones and pyranones are generated in 
low yields, with the former predominating (Equation 2.48) [54]. 


O 


C0 2 H 



O 



R 


E + = H + [Ag, Agl, or HgO], l 2 , ICI, ArX [cat. Pd(PPh 3 ) 4 , K 2 C0 3 ] 


Equation 2-48 


Similar results have been observed in the cyclization of 2-(l-alkynyl)benzoic 
acids. Cyclization by use of strong acids has been reported to produce both five- 
and six-membered ring lactones (Equation 2.49) [8, 55], Catalytic amounts of 
AgC10 4 , AgOTf, or AgN0 3 afford predominantly isocoumarins, while Ag powder 
or Agl affords phthalides as the major products (Equation 2.49) [42b, 55]. Treat¬ 
ment with aryl halides and a Pd catalyst affords predominantly aryl-substituted 
phthalides [54]. Halolactonization by N-halosuccinimides in the presence of 
NaHC0 3 and Triton-B in CH 2 C1 2 [56] or I 2 plus NaHC0 3 in MeCN [57] is reported 
to produce good yields of the corresponding 4-haloisocoumarins. The correspond¬ 
ing methyl esters have also been cyclized to isocoumarins in good yields by use of 
HI [53b], Br 2 [58], I 2 [52d, 53b, 57], ICI [53a,b, 57], p-0 2 NC 6 H 4 SCl [53b], PhSeCl 
[53b], and Hg(OAc) 2 [36b, 59]. 



E + = H + [also cat. Ag + or Ag], NCS, NBS, NIS, l 2 , ArX [cat. Pd(PPh 3 ) 4 , K 2 C0 3 ] 


Equation 2-49 
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2-(l-Alkynyl)benzoate esters and thioesters react with vinylic ethers in the pres¬ 
ence of 10% PtCl 2 to produce naphthyl ketones by a cycloaddition/ring-opening 
process (Equation 2.50) [60]. 



3 cat. PtClg 
0R X = 0, S 



Equation 2-50 


Benzofurans have been prepared by the direct cyclization of acetylene-containing 
phenolic acetates by alkoxide bases (Equation 2.51) [61]. Related silyl derivatives 
have been directly cross-coupled and cyclized by use of a strong base plus a palla¬ 
dium catalyst (Equation 2.52) [22b]. 



A number of different heterocycles have been obtained by cyclization of acetyle¬ 
nic amides. For example, the Pd-catalyzed cyclization of N-propargylamides has 
provided oxazoles [62] and oxazolines [63] (Equation 2.53). In a similar manner, 
the palladium-catalyzed carbonylative cyclization of acetylenic aniline derivatives af¬ 
fords 4Ff-3,l-benzoxazines, quinazolin-2-ones, and quinolin-4-ones [64]. 



Arl 

cat. Pd 2 (dba )3 
P(2-furyl) 3 
NaO-f-Bu 


O 

FPCNHCRA-C^CH 


CO, MeOH, 0 2 

cat. Pd/C or 
cat. Pdl 2 /KI 



Equation 2-53 


The cyclization of acetylenes onto the carbonyl oxygen of nucleosides and related 
amides has been carried out with cat. Cul [65] and halogen reagents [66] (Equa¬ 
tion 2.54). In a similar manner, 3-(l-alkynyl)pyridones react with arylpalladium 
intermediates to produce furo[2,3-fo]pyridones (Equation 2.55) [67]. 
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R 3 = Me, PhCH 2 


Equation 2-54 


Equation 2-55 


Finally, phosphaisocoumarins have been obtained by proto- [68] and iodocycliza- 
tion [69] of the corresponding phosphorous esters (Equation 2.56). 





Equation 2-56 


2.2.5 

Cyclization of Acetylenic Aldehydes and Ketones 

Acetylenic aldehydes can be readily cyclized to vinylic ethers and acetals. In metha¬ 
nol, simple 4-alkynals afford modest yields of mixtures of methoxy-substituted five- 
and six-membered ring ethers, with the five-membered ring products predominat¬ 
ing (Equation 2.57) [70] 



cat. Pd(OAc) 2 
benzoquinone 
MeOH 



Equation 2-57 


2-(l-Alkynyl)benzaldehydes react with alcohols and cat. Pd(OAc) 2 to produce cyc¬ 
lic acetals (Equation 2.58) [70, 71]. IPy 2 BF 4 plus HBF 4 and various nucleophiles 
generate substituted iodoisochromenes (Equation 2.59) [72]. Alcohols produce acet- 
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als and allylic silanes, and enol silanes and electron-rich arenes generate new car¬ 
bon-carbon bonds. When the reaction is run in the presence of simple alkenes and 
alkynes, naphthalene derivatives are produced by a process that involves cycloaddi¬ 
tion and cycloreversion (Equation 2.60) [73]. We have recently found that even bet¬ 
ter yields can be obtained in both of these processes by simply using I 2 instead of 
the expensive, difficult to handle iodonium salt [74]. These same aldehydes react 
with alkynes and catalytic amounts of AuX 3 (X = Cl or Br) to produce the same 
naphthyl ketones, while catalytic Cu(OTf) 2 affords simple naphthalenes (Equa¬ 
tion 2.61) [75]. One can also start with aryl ketones here. 


OR 2 



OSiMe 3 R OSiMe 3 

Nu = ROH,^\^SiMe 3i , PhOH, PhNMe 2 

R R OMe 


Equation 2-58 


Equation 2-59 



A wide variety of alkynones have been cyclized to furans. Thus, p-TsOH has been 
used to cyclize 4-alkyn-l-ones to furans (Equation 2.62) [76]. Similarly, PdCl 2 cata¬ 
lyzes the cyclization of 3-alkyn-l-ones to furans (Equation 2.63) [77]. If allylic chlor¬ 
ides are added to this latter reaction, 3 -allylic furans can be obtained in good yields 
[59]. Palladium has also been used to cyclize 2-alkyn-l-ones to furans, but substan¬ 
tial amounts of bifuryls are also formed (Equation 2.64) [78]. 
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Equation 2-62 



R 2 | HgO, MeCN 
cat. PdCI 2 (MeCN) 2 R 1 



R2 

cat. PdCI 2 (MeCN) 2 
H 2 0, MeCN 



Equation 2-63 


O 


R 1 



R 2 


cat. Pd(PPh 3 >4 R 1 
or PdCI 2 (PPh 3 ) 2 * 



R 2 


R 2 R 2 



Equation 2-64 


A number of acetylenic dicarbonyl compounds have been cyclized by metal cat¬ 
alysts. Thus, catalytic amounts of Pd(OAc) 2 , PdCl 2 (MeCN) 2 , PtCl 2 , W(CO) 5 ■ THF, 
or CpRuCl(PPh 3 ) 2 efficiently cyclize cyclic P-diketones to the corresponding cyclic 
vinylic ethers (Equation 2.65) [79]. The regiochemistry depends on the ring size 
of the diketone, the substitution pattern of the acetylene, and the catalyst. Palla¬ 
dium also catalyzes the cross-coupling of vinylic or aryl triflates or halides with re¬ 
lated P-diketones or p-keto esters, amides or nitriles to furans (Equation 2.66) [80]. 
When CO is added to the reaction, keto furans are obtained (Equation 2.67) [80c, 
81]. In the absence of the organic halide or triflate, CO and methanol react with 
these same acetylenic ketones to afford tetrahydrofuran-containing esters (Equa¬ 
tion 2.67) [82], 



Equation 2-66 
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CO, R 3 X 

cat. Pd 


CO, MeOH 
cat. PdCI 2 (MeCN) 2 
p-benzoquinone 



Equation 2-67 


2.3 

Cyclization of Sulfur and Selenium Compounds 


Acetylenic thioanisoles have been cyclized to benzothiophenes by a variety of elec¬ 
trophiles (Equation 2.68) [36b, 83]. The analogous methylselenium-containing 
compounds can also be very efficiently cyclized by Br 2 , I 2 , I Cl, and PhSeCl to pro¬ 
duce 3-substituted selenophenes [84]. Iodine also induces the cyclization of sulfur- 
containing acetylenic alcohols to either ketone- or vinylic iodide-containing ben¬ 
zothiophenes (Equation 2.69) [85]. Methylsulfur and -selenium compounds with 
a neighboring allcynone moiety have also been cyclized in the presence of alde¬ 
hydes and BF 3 ■ Et 2 0 to generate sulfur- and selenium-containing chromen- 
4-ones (Equation 2.70) [86]. 



R 1 = Me, SCH 2 Ph; E + = Br 2 , NBS, l 2 , p-OgNCethSCI, PhSeCl, Hg(OAc) 2 Equation 2-68 


r if 

h 

.fr s w° 


^ R4 


hct"r 2 


UL-fv 

R 2 

R 3 = aryl 


R 2 

r 3 = ch 2 r 4 

Equation 2-69 

^^XMe 

r ii & 4 

0 

ii 

RCH ■ 

BF 3 -OEt 2 r^Tr 


n 




v 

l^R 


0 


X = S, Se 

0 

OH 

Equation 2-70 


Finally, 2-(thioformylamino)diarylacetylenes cyclize at room temperature in the 
presence of DBU to afford 3,1-benzothiazines (Equation 2.71) [87]. 
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Equation 2-71 



2.4 

Cyclization of Nitrogen Compounds 


2.4.1 

Cyclization of Acetylenic Amines 

Simple alkynylamines are readily cyclized to five- and six-membered ring imines 
[88] by use of catalytic amounts of CpTiCl 3 [89], CpTiMe 2 Cl [89b, 90], CpTiCl(NEt 2 ) 2 
[91], Ti(NMe 2 ) 4 [92], Cp 2 TiMe 2 [93], CpZrMe 2 Cl [89b, 90], NaAuCl 4 [94], 
[Cu(MeCN) 4 ]PF 6 [95], Zn(OTf) 2 [95], Pd(OTf) 2 (triphos) [95], PdCl 2 [96], and 
(r| 5 -Me 5 C 5 ) 2 LnCH(TMS) 2 (Ln = La, Nd, Sm, Lu) [97] (Equation 2.72). 



Equation 2-72 


The intermediates from the Ti chemistry have been trapped by acyl cyanides to 
give either nitriles or ketones, depending on the substitution pattern of the acety¬ 
lene (Equation 2.73) [90, 91]. 



R 2 = H 

1. cat. CpTiMe 2 CI 

2. R 3 COCN 



R 2 = alkyl 

1. cat. CpTiMeaCI 

2. R 3 COCN 


R 2 

R 3 


Equation 2-73 


Recently, the palladium-catalyzed cyclization of acetylenic amines has provided 
unsaturated cyclic amines instead [98], and this process can be made enantioselec- 
tive by employing of a chiral diphosphine [99] (Equation 2.74). 



cat. Pd(PPh 3 )4 
cat. PhC0 2 H 


I 

R 

R = Bn, Ts; n = 1,2 


Equation 2-74 
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Pyrroles are readily prepared by the palladium-catalyzed cyclization of 1-amino- 
3-alkyn-2-ols [100] (Equation 2.75) or 2-alken-4-ynylamines [101] (Equation 2.76). 




Equation 2-75 


Equation 2-76 



Numerous very useful routes from acetylenic amines to indoles have been 
reported. For example, 2-chlorophenyl acetylenic amines react with Cp 2 TiMe 2 , 
followed by a Pd catalyst, to produce annulated indoles (Equation 2.77) [102]. 



Equation 2-77 


Simple 2-(l-alkynyl)anilines can be cyclized to indoles by KO-t-Bu [103], NaNH 2 
[8], cat. Cu(OAc) 2 [104], cat. Cu(0 2 CCF 3 ) 2 [104], cat. (Et 3 N)Mo(CO) 5 [105], cat. PdCl 2 
[106], cat. NaAuCl 4 [106c], or cat. InBr 3 [107] (Equation 2.78). Analogous silylacety- 
lenes have been cyclized with simultaneous desilylation by heating with 2 equiv. of 
Cul [108], 




Equation 2-78 


The Pd/Cu-catalyzed cross-coupling of 2-ethynylaniline and vinylic triflates, fol¬ 
lowed by PdCl 2 -catalyzed cyclization, provides a convenient route to 2-substituted 
indoles (Equation 2.79) [106b]. In a similar fashion, a 2-ethynylaniline has been 
cross-coupled and cyclized in a one-pot fashion to generate a 2-dienylindole 
[109]. When this type of cyclization is carried out in the presence of CO and metha¬ 
nol, either indole esters [30c,d] (Equation 2.80) or indol-2-ones [110] (Equation 2.81) 
can be obtained. 
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1. cat. Pd(PPh 3 ) 4 , cat. Cul, Et 2 NH 

2. cat. PdCI 2 , HCI,n-Bu 4 NCI 



H 


R = vinylic 


Equation 2-79 



Equation 2-80 


Equation 2-81 


Palladium-catalyzed cross-couplings of acetylenic amines have been employed to 
generate other nitrogen heterocycles as well. When 2-ethynylaniline is cross- 
coupled with aryl halides, an amine, and CO in the presence of a Pd catalyst, 
the initially generated alkynones are apparently readily cyclized to afford 4- 
amino-2-arylquinolines (Equation 2.82) [111]. Quinolines have also been obtained 
by the Pd-catalyzed cyclization of alcohol-containing acetylenic anilines (Equa¬ 
tion 2.83) [112]. The Pd apparently isomerizes the propargylic alcohol to the corre¬ 
sponding enone, which then cyclizes. N-Tosyl-N-propargylhydrazine has been 
cross-coupled with aryl halides and vinylic triflates in the presence of a Pd catalyst 
to generate substituted pyrazoles (Equation 2.84) [113]. Palladium has also been 
used to catalyze the cyclization of amines containing a silylacetylene to a substi¬ 
tuted benzimidazole (Equation 2.85) [114] and a lactam (Equation 2.86) [115]. 
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+ RX 


1. cat. Pd(OAcMPPh 3 )2 

2. cat. PdCl 2 

3. KO-f-Bu 



R = aryl, vinylic 



Equation 2-84 


Equation 2-85 


Equation 2-86 


Finally, 3-iodoindoles can be readily prepared in high yields by the iodocycliza- 
tion of simple acetylenic anilines by use of IPy 2 BF 4 plus HBF 4 [25] or N,N-dimethy- 
lanilines by use of I 2 [116] (Equation 2.87). 




Equation 2-87 


2.4.2 

Cyclization of Acetylenic Amides 


In a few cases, acetylenic amides have been cyclized on oxygen, as discussed in 
Section 2.2.4, but the majority of acetylenic amides have been cyclized on nitrogen 
to afford nitrogen heterocycles. Simple carboxamides of 2-(l-alkynyl)anilines are 
readily cyclized to indoles with loss of the acyl functionality by use of KO-t-Bu 
[103, 117] or cat. Pd 2 (dba) 3 plus K 2 C0 3 (trifluoroacetamides) [118], whereas stoi¬ 
chiometric amounts of n-Bu 4 NF [119] or catalysis by NaAuCl 4 [106c] or PdCl 2 
[106c, 120] affords the acylindoles (Equation 2.88). The latter reaction in the pres¬ 
ence of allylic chlorides produces the corresponding 3-allylic 1-acylindoles [106c]. 


CO-*- 

H 


KO-f-Bu 


or cat. Pd 2 (dba) 3 
K 2 C0 3 



n-Bu 4 NF 

or cat. NaAuCU 
or cat. PdCI 2 



Equation 2-88 
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Trifluoroacetanilides bearing tertiary or secondary acetylenic alcohols cyclize to 
indoles or quinolines on treatment with cat. Pd(OAc) 2 or NaOEt, respectively 
(Equation 2.89) [112]. 

HO R 1 




R 1 = R 2 = Me 

|| R 1 = H, R 2 = Ar 


l\ „ 

11 /\ 

H 

cat. Pd(OAc ) 2 




LiCI, K 2 C0 3 

NHCOCF 3 EtOH 

N R 2 

Equation 2-89 


2-(l-Alkynyl)arenecarboxamides can be easily prepared and cyclized to 3-aryl(alk- 
yl)idene isoindolin-l-ones by use either of NaOEt in EtOH or of cat. Pd(OAc) 2 
(Equation 2.90) [121]. When these substrates are allowed to react with cat. 
PhCH 2 PdCl(PPh 3 ) 2 plus Et 3 N [122] or cat. PdCl 2 (MeCN) 2 plus CuCl 2 and NaH 
[123], isoquinolinones are produced (Equation 2.90). 



NaOEt, EtOH 
or cat. Pd(OAc) 2 



cat. PhCH 2 PdCI(PPh3)2, Et 3 N 
or cat. PdCI 2 (MeCN) 2 , CuCI 2 , NaH 

R 2 Equation 2-90 



Many of these same acetylenic amides will also react with organic substrates plus 
a Pd catalyst to give more highly substituted nitrogen heterocycles [124]. For exam¬ 
ple, 2-(l-alkynyl)trifluoroacetanilides react with vinylic triflates [118, 125], aryl [125, 
126] or heteroaryl [126] halides, benzyl bromide [127], allylic esters [128], ethyl iodo- 
or bromoacetate [127, 129], and a-bromo ketones [129] to produce the correspond¬ 
ing 3-substituted indoles minus the trifluoroacetyl group (Equation 2.91). The 
chemistry with vinylic triflates has been utilized on trifluoroacetanilides attached 
to a solid support [130]. This approach has recently been extended to the synthesis 
of pyrrolo[2,3-f)]quinoxalines [131]. When this reaction is carried out on bis(o-tri- 
fluoroacetamidophenyl)acetylene and aryl or vinylic halides or triflates, 12-aryl(vi- 
nylic)indolo[l,2-c]quinazolines are formed (Equation 2.92) [132]. Analogous chem¬ 
istry on a diyne has provided a unique route to a rebeccamycin-related indolocar- 
bazole (Equation 2.93) [133]. 



H 


R 1 = H, alkyl, aryl; R 2 = vinylic, aryl, heteroaryl, PhCH 2 , allylic, CH 2 C02Et, CH 2 COAr 


Equation 2-91 
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NHCOCF 3 
R = aryl, vinylic 


RX, CO 
cat. Pd(PPh 3 ) 4 

K 2 C0 3 



Equation 2-92 



When the aryl halide reactions are run in the presence of CO, 3-aroylindoles are 
formed (Equation 2.94) [134]. The reaction of bis(o-trifluoroacetamidophenyl)acety- 
lene, CO, and aryl or vinylic halides or triflates affords the corresponding 12-acy- 
lindolo[l,2-c]quinazolines (Equation 2.92) [135]. 6-Aryl-llH-indolo[3,2-c]quinolines 
are prepared by the Pd-catalyzed carbonylative cyclization of o-(o'-aminopheny- 
lethynyl)trifluoroacetanilide and aryl halides (Equation 2.95) [136]. 



R 2 = aryl, vinylic 


Equation 2-94 




Equation 2-95 


Bicyclic lactams have also been prepared by the Pd-catalyzed cross-coupling of 
simple acetylene-containing lactams and aryl or vinylic halides (Equation 2.96) 
[137]. 
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cat. Pd(PPh 3 )4 
K2CO3, n-Bu 4 NCI 

R = aryl, vinylic 



R 


Equation 2-96 


Finally, simple alkenynamides react readily with I Cl to afford stereoisomeric 
mixtures of the corresponding five-membered ring iodolactams (Equation 2.97) 
[138], 



ICI 



Equation 2-97 


2.4.3 

Cyclization of Acetylenic Carbamates 


Many of the same reactions that have been carried out with amides have also been 
carried out with acetylenic carbamates. Thus, acetylenic Boc derivatives have been 
cyclized by Pd(n) to provide cyclic enamides (Equation 2.98) [106d]. Stoichiometric 
amounts of Mo and W compounds will also effect this same transformation (Equa¬ 
tion 2.99) [105]. The Mo reagent has also been used to prepare N-Boc-indole [105]. 



^C0 2 Me 


PdCI 2 (MeCN) 2 


NHBoc 



= ~'"h; NHBoc 


(Et 3 N)Mo(CO) 5 , Et 3 N 
or (THF)W(CO) 5 /Et 3 N 


Q 

Boc 

n = 1,2 


Equation 2-99 


A number of N-alkoxycarbonyl-protected 2-(l-alkynyl)anilines have been cyclized 
to the corresponding indoles by use of cat. PdCl 2 [106c], NaAuCl 4 [106c], Cu(OAc) 2 
[104, 139], Cu(OTf) 2 [104, 139], NaOEt in EtOH [140], and w-Bu 4 NF [119] (Equa¬ 
tion 2.100). 5-Azaindoles have been prepared in a similar manner by use of cat. 
Cul [141]. Silylalkynes are readily cyclized with desilylation by NaOEt in EtOH 
[140a, 142], KO-t-Bu in t-BuOH [142, 143], and w-Bu 4 NF [119]. When the reactions 
with PdCl 2 are run in the presence of allylic halides [106c] or simple alkenes [144], 
3-allylic or -vinylic indoles are obtained (Equation 2.101). 
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r 

[fy—R 1 and/or [ 

ry * 1 





co 2 r 2 

H Equation 2-100 


chr 3 cr 4 =chr 5 
\_ r2 l r 3 ch=cr 4 chr 5 ci 

N 4 cat. PdCI 2 

' 1 methyloxirane 

CO2R 



H 2 C=CHC0 2 Et 
cat. PdCI 2 , CuCI 2 
~ NaOAc, K 2 C0 3 



Equation 2-101 


Propargylic tosylcarbamates react with cat. Cul or with aryl iodides/vinylic tri- 
flates and a palladium catalyst to afford oxazolidinones (Equation 2.102) [145]. 
These same substrates react with Pd(OAc) 2 and an enone to afford cross-coupled 
products (Equation 2.103) [146]. 



O 

R 3 = aryl 



O v ^NHTs 
' C 

R 2 0 


r 4 x 

cat. Pd(PPh 3 ) 4 
K 2 C0 3 


R 4 



O 

R 4 = aryl, vinylic 

Equation 2-102 




cat. Pd(OAc) 2 
LiBr, Nal 



Finally, 3 -iodoindole derivatives can be obtained in good yields by iodocyclization 
of the corresponding carbamates with IPy 2 BF 4 plus HBF 4 (Equation 2.104) [25]. 



Equation 2-104 
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2.4.4 

Cyclization of Acetylenic Sulfonamides 

A number of examples of the cyclization of acetylenic sulfonamides to nitrogen 
heterocycles have been reported. Tosylamides of aminoesters are readily cyclized 
to frve-membered ring heterocycles by various palladium catalysts (Equation 2.105) 
[147]. Analogous propargylic alcohols have been cyclized and dehydrated by TsOH 
to form pyrroles (Equation 2.106) [148]. Recently, acetylenic nonafluorobutane- 
sulfonamides have been enantioselectively cyclized to five- and six-membered 
ring nitrogen heterocycles by palladium (Equation 2.107) [98, 99], while 2-(l-alky- 
nyl) aniline sulfonamides are readily cyclized to the corresponding indoles by treat¬ 
ment with cat. Cu(OAc) 2 [104, 139], Cul [140f], Cu(OTf) 2 [104, 139] or 2-3 equiv. of 
n-Bu 4 NF [119] (Equation 2.108). 


--—- 

^M-^'-COpMe cat - Pd(OAc) 2 
f PPh 3 , K 2 C0 3 

Ts 



C0 2 Me 


NHTs 


n = 2 

cat. Pd(OAc) 2 
PPh 3 , K 2 C0 3 


Phi 


C0 2 Me 


Ts 


Equation 2-105 



NHTs 



i 


Ts 


Equation 2-106 


Pb 


>r ^ NHNf 


cat. Pd 2 (dba) 3 -CHCI 3 
cat. PhC0 2 H 

cat 

PPh 2 



Nf 

n = 1,2 



cat. Cul or CuX 2 
or 2-3n-Bu 4 NF 



Equation 2-107 


Equation 2-108 


The iodocyclization of simple acetylenic tosylamides by I 2 (Equation 2.109) [149] 
and sulfonamide derivatives of 2-(l-alkynylanilines) by I 2 plus K 2 C0 3 [150] or 
IPy 2 BF 4 plus HBF 4 (Equation 2.110) [25] provides easy access to the corresponding 
five-membered ring heterocycles. 


R 


C0 2 Me l 2 , K 2 C0 3 
MeCN 



Ts 


NHTs 


Equation 2-109 
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Equation 2-110 


Acetylenic tosylamides have been cross-coupled with aryl and vinylic halides or 
triflates in the presence of a Pd catalyst to produce tetrahydropyrroles (Equa¬ 
tion 2.111) [147a,b], alkylidenepyrrolidines and -piperidines (Equation 2.112) 
[151], and tetrahydroquinoxalines (Equation 2.113) [152]. 


= -C0 2 Me 


+ ArX 


NHTs 


cat. Pd(PPh 3 )4 
K 2 CO 3 , n-Bu 4 NBr 


Ar- 


C0 2 Me 


Ts 


Equation 2-111 



NHTs 


1. n-BuLi _ 

2 . cat. Pd(OAc ) 2 
cat. PPh 3 

3. ArX 


A, -U> 

I 

Ts 

n = 1,2 


Equation 2-112 



cat. Pd(OAc ) 2 
K 2 C0 3 n-Bu 4 NBr 



Equation 2-113 


The cyclization of methanesulfonamides of 2-(l-alkynyl)anilines by Pd(n) salts 
in the presence of olefins [144] or CO [30c,d] provides a very useful route to 3-sub¬ 
stituted indoles (Equation 2.114). 



R 2 CH=CH 2 

cat. PdCI 2 , CuCI 2 
NaOAc, K 2 C0 3 



CO, MeOH 

cat. PdCI 2 , CuCI 2 
NaOAc, K 2 C0 3 



Equation 2-114 
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2.4.5 

Cyclization of Acetylenic Enamines and Imines 

A number of different nitrogen heterocycles have been prepared by the cyclization 
of acetylenic enamines or imines. For example, ketones react with propargylamine 
to produce enamines/imines that readily cyclizable to pyridines in the presence of 
a copper or gold catalyst (Equation 2.115) [153]. In a similar manner, acetylene-con¬ 
taining 1,3-dicarbonyl compounds react with primary amines in the presence of a 
gold catalyst to generate pyrroles (Equation 2.116) [154]. 


f-Bu 


+ H 2 NCH 2 C=CH 



Equation 2-115 


R 1 



cat. NaAuCU-2H0 2 
+ FrNH2- 


Equation 2-116 



Copper catalyzes the cyclization of imines derived from 2-(l-alkynyl)anilines 
(Equation 2.117) [155], while acetylenic ketones have been cyclized to naphthyl- 
amines in the presence of an amine and a palladium/copper catalyst (Equa¬ 
tion 2.118) [156]. 



Equation 2-117 


Equation 2-118 


Indole-containing acetylenic ketones react with ammonia to afford pyrazinoin- 
doles (Equation 2.119) [157]. 
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Equation 2-119 



A wide variety of 4-substituted isoquinolines have been prepared by the cycliza¬ 
tion of the imines of 2-(l-alkynyl)benzaldehydes. NH 3 , for example, reacts with 
these aldehydes to afford simple isoquinolines (Equation 2.120) [158]. We have ob¬ 
served that analogous tert -butylimines can be cyclized to isoquinolines with loss of 
the tert -butyl group by use of catalytic amounts of Cul [159] or AgN0 3 [159b, 160] 
(Equation 2.121). Similarly, the thermal or Cul-catalyzed cyclization of tert- butyl¬ 
imines of indole-containing acetylenes has been employed to prepare [3- and y-car- 
bolines [161]. These same imines also cyclize under very mild reaction conditions 
when treated with I, S, and Se electrophiles (Equation 2.121) [159b, 160]. 



Palladium electrophiles have been utilized to cyclize these same tert -butyl imines 
to a wide variety of 4-substituted isoquinolines. For example, the Pd-catalyzed cou¬ 
pling with aryl, allylic, benzylic, vinylic, and alkynyl halides produces the corre¬ 
sponding isoquinolines by coordination of the resulting organopalladium inter¬ 
mediates with the carbon-carbon triple bond, cyclization, and reductive elimination 
of Pd(0) (Equation 2.122) [162]. While the reaction with vinylic halides did not 
prove to be very general, the 4-vinylic isoquinolines can be readily prepared by em¬ 
ploying of PdBr 2 as a catalyst in the presence of olefins (Equation 2.123) [163]. This 
process proceeds by Pd(n)-induced cyclization, followed by a Heck reaction. Fi¬ 
nally, the cross-coupling of these same imines with aryl halides and CO provides 
the corresponding 4-aroylisoquinolines (Equation 2.124) [164]. 



R 2 = aryl, allylic, benzylic, vinylic, 1-alkynyl 


Equation 2-122 
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2 cat. PdBr 2 r || ^ N 

R cat. Cu(0Ac)2 L A 

NaOAc, DMSO R 1 

R 2 


Equation 2-123 


cat. Pd(PPh 3)4 


n-Bu 3 N 


Equation 2-124 





2.4.6 

Cyclization of Other Acetylenic Nitrogen Functional Groups 

A variety of nitrogen heterocycles have been formed by the cyclization of acetylenes 
containing other nitrogen functional groups. Six-membered ring nitrogen hetero¬ 
cycles with either endocyclic or exocyclic double bonds bearing halogens have 
been formed by the cyclization of N,0-acetals of 3- or 4-alkynylamines, respectively 
(Equation 2.125) [165]. Analogous products have been formed by starting with the 
corresponding secondary amine and an aldehyde plus a sulfonic acid and Nal or 
n-Bu 4 NX (X = Br, I) [166]. The X group introduced can also be N 3 , SCN, or SPh 
[167]. This chemistry has been employed in the synthesis of pumiliotoxins [168]. 


Bn 

i 



X 

X = CI, Br 


n = 1 
Me 3 SiX 



n = 2 
Me 3 SiX 
or SiCI 4 


Bn 

i 



X 

X = CI, Br 


Equation 2-125 


Highly substituted pyrroles have been obtained by the palladium-catalyzed cross¬ 
coupling of aryl halides and acetylenic tosylhydrazones (Equation 2.126) [169]. 


Arl 


+ 


CO?Et 



TsNHN 


cat. Pd(PPh 3 ) 4 
K 2 C0 3 



NHTs 


Equation 2-126 
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N-(Alkoxycarbonyl)indoles have been synthesized by reactions between 2-(l-alky- 
nyl)phenylisocyanates and alcohols in the presence of catalytic amounts of 
Na 2 PdCl 4 or PtCl 2 (Equation 2.127) [123]. These same alkynes react with allyl car¬ 
bonates in the presence of catalytic amounts of Pd(PPh 3 ) 4 and CuCl to afford 3-al- 
lylindoles (Equation 2.127) [170, 171]. Related isonitriles react with allyl methyl 




TMSN 3 

^^^0C0 2 Me 

cat. Pd2(dba)3-CHCl3 
cat. (2-furyl) 3 P 



Equation 2-128 


Analogous diazonium salts [173] and nitro compounds [174] have been cyclized 
to five-membered ring nitrogen heterocycles (Equations 2.129 and 2.130), while 
analogous nitriles have been cross-coupled with aryl halides to produce five- or 
six-membered ring heterocycles (Equation 2.131) [175]. 



Equation 2-131 
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Quinoline derivatives have been prepared by the base-promoted cyclization of 
2-(l-alkynyl)benzaldehyde oximes [176] and hydrazones [177] (Equation 2.132). 



X = O, NR (R = COR, SO 2 R) Equation 2-132 


Finally, acetylenic triazin-5(2ff)-ones have been cyclized to isomeric triazinones 
by treatment with a Pd catalyst (Equation 2.133) [178]. 


Rh 

O' 


• N 'NH R 2 cat. PdCI 2 (PhCN) 2 




+ 



Equation 2-133 


2.5 

Cyclization of Carbon onto Acetylenes 


2.5.1 

Cyclization of Acetylenic Carbonyl Compounds and Derivatives. 


A wide number of carbocycles have been prepared by the cyclization of carbon onto 
acetylenes. Unfortunately, because of the large amount of work that has been done 
and limitations of space, none of the work carried out on intramolecular nucleophi¬ 
lic or free radical additions to alkynes or the metal-catalyzed cycloaddition, cycliza¬ 
tion, cycloisomerization, or metathesis of enynes and diynes is covered here. This 
section focuses primarily on the cyclization of carbonyl compounds and arenes 
onto acetylenes and a few related palladium-catalyzed cyclizations. Note the earlier 
examples of carbon cyclization onto acetylenes covered in Sections 2.4.5 and 2.4.6. 

The cyclization of carbonyl compounds onto acetylenes can be quite useful synthe¬ 
tically. Although the Conia-ene reaction effects just such a transformation, this pro¬ 
cess is limited by the high temperatures required (Equation 2.134) [179]. More 
recently, (3-dicarbonyl and related compounds have been cyclized, primarily to 
five-membered rings, by use of HgCl 2 /HCl [180], ZnCl 2 /Et 3 N/H 3 0 + [181], TiCl 4 / 
Et 3 N/HCl [181], CuI/KO-t-Bu [182], (Et 3 N)Mo(CO) 5 /NaH/hv [183], CpCo(CO) 2 /hv 
[184], Pd(dppe)/KO-t-Bu [185], and AuCl(PPh 3 ) [186] (Equation 2.135). 



O 


Ph 


300 °C 


Equation 2-134 
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One can combine a Michael addition with this cyclization to prepare heterocycles 
(Equation 2.136) [187]. The analogous palladium-catalyzed cross-coupling of acety¬ 
lenic dicarbonyl compounds and aryl or vinylic halides affords carbocycles (Equa¬ 
tion 2.137) [188]. 1-Halo-l-alkynes can also be employed in this latter reaction if 
a Pd/Cu catalyst is utilized [189]. 


C0 2 Et 
R C0 2 Et 


1. base _ 

2. cat. Pd(OAc) 2 
or Cul 


Et0 2 C C0 2 Et 


X 


-X 
:0, NR 


Equation 2-136 


ArX + 


C0 2 Me 



C0 2 Me 


KO-f-Bu 

cat. Pd 2 (dba )3 
cat. dppe 


Me0 2 C C0 2 Me 


Equation 2-137 


The stereoselective iodocyclization of acetylenic diesters can also be effected by 
use of titanium chemistry (Equation 2.138) [181]. 


M©0 2 C C0 2 M6 

■^o 


Ti(OR) 4 

>2 


CO2M6 

C0 2 Me 


TiCI 4 , Et 3 N 


Me0 2 C C0 2 Me 

'^o 

Equation 2-138 


Derivatives of carbonyl compounds can also be cyclized onto acetylenes. Metal 
salts of Pt(n), Pd(n), Au(iii), and Cu(i), for example, will cyclize acetylenic vinylic 
ethers in the presence of methanol to produce five- and six-membered ring carbo- 
cyclic acetals (Equation 2.139) [190]. Acetylenic enol silanes have been cyclized by 
treatment with catalytic amounts of PtCl 2 [188] or W(CO) 5 (THF) [191] (Equa¬ 
tion 2.140). Isomeric naphthalenes can be obtained by the cyclization of enol si¬ 
lanes with various transition metal catalysts (Equation 2.141) [192]. Acetylene-con¬ 
taining enol silanes also smoothly cyclize in the presence of HgCl 2 to afford vinyl- 
mercurials, which have subsequently been cleaved by protic acids or halogenating 
agents (NBS, NIS) or carbonylated to esters (CO, MeOH, PdCl 2 , CuCl 2 , LiCl) to af¬ 
ford a wide variety of cyclic, bicyclic, and spirocyclic unsaturated ketones and sev¬ 
eral natural products (Equation 2.142) [193]. The endo cyclization of enol silanes 
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has been accomplished by use of EtAlCl 2 (Equation 2.143) [194]. Acetylene-contain¬ 
ing enamines formed in situ from propargylamine and ketones can be readily cy- 
clized to pyridines as noted earlier (see Section 2.4.5). 


Me0 2 C C0 2 Me 


cat. PtCI 2 , PdCI 2 
AuCI 3 or Cu(MeCN) 4 BF 4 

MeOH 


MeO 



Me0 2 C C0 2 Me 


Equation 2-139 



Equation 2-140 


OTBS 



R Equation 2-141 



= H, D, Br, I, C0 2 R 


Equation 2-142 


OSiMe3 
R 1 




Equation 2-143 


2.5.2 

Cyclization of Diacetylenes 

Although there are many transition metal-catalyzed reactions of diynes, there 
appears to be only one example of the electrophilic cyclization of an alkyne onto 
another alkyne, which produces sulfur heterocycles (Equation 2.144) [195]. 


IPy 2 BF 4 

PhSC=C(CH 2 )„C=CSPh-— 



SPh 


Equation 2-144 
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2.5.3 

Cyclization of Aryl Acetylenes 

There are a number of examples of acetylenic arenes being cyclized by various 
metals and electrophiles to produce aromatic carbocycles and heterocycles. For ex¬ 
ample, catalytic amounts of GaCl 3 [196], PtCl 2 [197], [RuC 1 2 (CO) 3 ] 2 [197], and 
[RuC 1 2 (CO) 3 ] 2 plus AgOTf [197] cyclize 5-aryl-1-alkynes to dihydronaphthalenes 
(Equation 2.145). Hg(OTf) 2 plus 3 equiv. of tetramethylurea (TMU) catalyzes the 
cyclization of acetylenic arenes to 1,2-dihydronaphthalenes, benzopyrans, and 

1.2- dihydroquinoline analogues (Equation 2.146) [198]. Several groups have re¬ 
ported the cyclization of aryl propargylic ethers to benzopyrans by other Hg(n) 
salts in the presence of strong acids (Equation 2.147) [199]. By variation of the 
Hg salt and reaction conditions, vinylic mercury compounds corresponding to 

1.2- dihydronaphthalenes and benzopyrans can be isolated in low yields [36b]. Cata¬ 
lytic amounts of PtCl 2 or PtCl 4 efficiently produce analogous benzopyrans, 1,2-di- 
hydroquinoline derivatives, and coumarins from acetylenic starting materials [200], 
while catalytic amounts of Pd(OAc) 2 in trifluoroacetic acid also nicely cyclize acet¬ 
ylenic esters or amides to coumarins or 2(lff)-quinolinones, respectively (Equa¬ 
tion 2.148) [201]. Finally, strong acids will cyclize 1,3-diarylpropynones to 3-arylin- 
denones (Equation 2.149) [202]. 



C0 2 Et Equation 2-145 



cat. Hg(OTf) 2 -(TMU) 3 
MeCN 



n-C 4 H 9 OMe Equation 2-146 




cat. Pd(OAc) 2 



R 


Equation 2-147 


cf 3 co 2 h 

X = O, NH 


Equation 2-148 
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Other heterocycles have been prepared in a similar manner. Thus, a peri- 
naphthothioxanthene (Equation 2.150) [203] and quinolines (Equation 2.151) 
[204] have been prepared by transition metal-catalyzed cyclizations. 



(Ph 3 P)RuCI 2 
cat. —Cb>~< 


Equation 2-150 



1. cat. W(CO) 5 (THF) 

2. NMO 



Equation 2-151 



Biaryls substituted by an acetylene unit in the ortho position can be cyclized to 
phenanthrenes and heterocyclic analogues by use of catalytic amounts of PtCl 2 , 
AuC 1 3 , GaCl 3 , or InCl 3 (Equation 2.152) [205]. Trifluoroacetic acid also effects 
this same cyclization [206]. 



E + = H(cat. PtCh, AuCh, GaCb, or InCh, or CF3CO2H) 

= I (IPy 2 BF 4 or ICI) Equation 2-152 


The iodocyclization of aryl acetylenes provides a very useful route to various ring 
systems. Thus, the reaction of acetylenic biaryls and IPy 2 BF 4 affords iodophenan- 
threnes, but apparently requires an alkoxy-substituted arene on the remote end of 
the acetylene (Equation 2.152) [206a,b[. The same reagent has been reported to cy- 
clize 1,4-diphenyl-1-butyne to 3-iodo-4-phenyl-l,2-dihydronaphthalene [207] and 
an acetylenic indole derivative [25]. We have found that ICI is a more general 
reagent for the synthesis of iodophenanthrenes and that it efficiently produces a 
variety of heterocyclic analogues (Equation 2.152) [208]. 
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A variety of polycyclic iodoarenes can readily be prepared by the room tempera¬ 
ture cyclization of arene-containing acetylenic alcohols (Equation 2.153) [209]. 
When aryl propargylic amines are allowed to react with I 2 , 3-iodoquinolines are 
produced in good yields (Equation 2.154) [209]. When the aromatic ring bears a 
methoxy group in the para position, azaspirodienones are produced instead (Equa¬ 
tion 2.155) [209]. Sulfur-substituted acetylenes undergo analogous halocyclizations 
(Equation 2.156) [210]. 



Equation 2-153 



Equation 2-154 


Equation 2-155 



X = H 


E + = Br 2 , ICI 



X 



o-Phenoxybiaryls react with a variety of electrophiles to produce the correspond¬ 
ing seven-membered ring heterocycles (Equation 2.157) [211]. 



E + = HCI0 4 , HBF 4 , Br 2 , ICI, PhSCI 


Equation 2-157 
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Furan-containing acetylenes have been cyclized to a variety of products. For ex¬ 
ample, 5-(2-furyl)-l-alkynes have been cyclized to phenols in the presence of cata¬ 
lytic amounts of AuC 1 3 [212] or PtCl 2 [213] (Equation 2.158), and an enyne-contain- 
ing furan has been cyclized to the corresponding benzofuran (Equation 2.159) 
[214]. 



Equation 2-158 



cat. arene polymer-RuCl 2 (PPh 3 ) 
PPh 3 , NH 4 PF 6 



Equation 2-159 


Intramolecular acetylene additions of organopalladium compounds generated by 
the oxidative addition of organic halides to Pd(0) have provided a very useful pro¬ 
cedure for the formation of a wide variety of carbocyclic and heterocyclic alkenes 
[215]. The resulting vinylic palladium intermediates can be trapped by: (1) reducing 
agents (Equation 2.160) [216]; (2) organoboron [217], -tin [218], and -zinc [217a] 
reagents (Equation 2.161); (3) internal arenes [219] (Equation 2.162); (4) internal 
alkenes [220] (Equation 2.163); and (5) internal alkynes [221] (Equation 2.164). 



Equation 2-160 


Equation 2-161 



cat. Pd(OAc) 2 
cat. PPh 3 
K 2 C0 3 
n-Bu 4 NBr 



Equation 2-162 
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Intermolecular organopalladium additions to alkynylcyclobutanols effect ring 
expansion to 2-alkylidenecyclopentanones (Equation 2.165) [222]. 


OH 

-=—Ph + Arl 


cat. Pd(OAc) 2 
cat. PPh 3 
n-Bu 4 NCI 
/-Pr 2 NEt 



Equation 2-165 


Palladium(n) salts have also been employed to cyclize acetylenic esters onto 
neighboring olefins (Equation 2.166) [223] and dienes (Equations 2.167 [224] and 
2.168 [225]). 















LiCI 

cat. Pd(OAc) 2 

benzoquinone 
E = C0 2 Me 
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E „ 

Equation 2-168 



2.5.4 

Cyclization of Acetylenic Organometallics 

Finally, there are a number of other organometallic cyclization reactions that gen¬ 
erate carbocycles from acetylenes. Lewis acids will cyclize acetylenic vinylic silanes 
to carbocyclic dienylsilanes (Equation 2.169) [226]. Analogous allylic silanes afford 
cyclic vinylic silanes in the presence of cat. HfCL, (Equation 2.170) [227] and dienyl- 
mercurials in the presence of HgCl 2 (Equation 2.171) [228]. Various Ru, Pd, Pt, and 
Ag salts catalyze the cyclization of acetylene-containing allylic silanes and stan- 
nanes to simple dienes (Equation 2.172) [229]. 



AICI 3 , AIBr 3 
or EtAICI 2 


SiMe3 



n= 1,2 


Equation 2-169 



Equation 2-170 


Equation 2-171 


PhS0 2 

PhS0 2 " 



PhS0 2 ^-^ 

PhSO/V-k^ 


M = SiMe 3 , SnBu 3 


Equation 2-172 
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2.6 

Conclusions 

A wide variety of acetylene-containing oxygen, sulfur, selenium, nitrogen, and car¬ 
bon compounds have been cyclized by treatment with acid, halogen, sulfur, sele¬ 
nium, metallic, organometallic, and other electrophiles to yield a wide array of 
heterocycles and carbocycles by electrophilic processes. Much of this work is 
quite recent, and many of the processes provide particularly convenient, high-yield¬ 
ing approaches to the systems in question. One can expect continued efforts in this 
area to provide very useful new routes to heterocycles and carbocycles of great in¬ 
terest to the synthetic organic and medicinal chemist. 


2.7 

Representative Experimental Procedures 

2.7.1 

Synthesis of a-Methylene-y-butyrolactones by Carbonylation of l-Alkyn-4-ols 
(Equation 2.14) [14] 

The l-alkyn-4-ol (10 mmol) was added to a solution of PdCl 2 (0.16 mmol), anhy¬ 
drous SnCl 2 (0.16 mmol), and PPh 3 (0.32 mmol) in MeCN (30 mL) at 75 °C, and 
the mixture was then stirred under CO (100 psi) for 4 h. The resulting solution 
was reduced in volume on a rotary evaporator, taken up in diethyl ether 
(300 mL), and then passed through a 4 in. X 1 in. silica gel column to remove 
Pd complexes and metal. The Et 2 0 was removed in vacuo, and the resulting yellow 
oil was distilled at reduced pressure to yield the lactone. 

2.7.2 

Synthesis of 1-Alkoxyisochromenes by Cyclization of 2-(l-Alkynyl)benzaldehydes 
(Equation 2.58) [70] 

MeOH (1.0 mmol) was added at 10 °C under an Ar atmosphere to a stirred mixture 
of 2-(l-alkynyl)benzaldehyde (0.5 mmol), Pd(OAc) 2 (5 mol%), and benzoquinone 
(0.5 mmol) in 1,4-dioxane (1 mL). After the mixture had been stirred for 30 min, 
the resulting solution was filtered through a short column of silica gel. The solvent 
was removed under reduced pressure to give the crude product, which was purified 
by silica gel column chromatography with 20:1 hexane/Et 2 0 as eluent. 

2.7.3 

Synthesis of 3-Aryl(vinylic)indoles by Palladium-catalyzed Cross-coupling of Aryl 
Halides or Vinylic Triflates and 2-(1-Alkynyl)trifluoroacetanilides (Equation 2.91) [125] 


The aryl halide or vinylic triflate (0.59 mmol), K 2 C0 3 (2.95 mmol), and Pd(PPh 3 ) 4 
(0.03 mmol) were added to a solution of 2-(l-alkynyl)trifluoroacetanilide 
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(0.59 mmol) in MeCN (2.5 mL). The reaction mixture was stirred at room tempera¬ 
ture under an N 2 atmosphere for 1.5 h. The mixture was then diluted with diethyl 
ether, and HC1 (0.1 n) was added. The organic layer was separated, washed with 
water, dried (Na 2 S0 4 ), and evaporated under vacuum. The residue was purified 
by chromatography on silica gel with elution with an n-hexane/EtOAc mixture. 

2.7.4 

Synthesis of Pyridines by the Gold-catalyzed Cross-coupling of Ketones and 
Propargyl Amine (Equation 2.115) [153] 

Propargylamine (2.52 mmol) and the NaAuCl 4 • 2H z O catalyst (0.03 mmol) were 
added to a 50 mL stainless steel autoclave charged with a solution of the ketone 
(1.26 mmol) in absolute EtOH (5 mL). The resulting mixture was heated at reflux 
with stirring or at 100 or 140 °C. The reaction was monitored by TLC and GC-MS. 
After cooling, the mixture was filtered to remove the catalyst, and the solvent was 
concentrated under reduced pressure. The residue was purified by flash chromato¬ 
graphy (silica gel, n-hexane/ethyl acetate mixtures) to give the pyridine. 

2.7.5 

Synthesis of 4-lodoisoquinolines by the Cyclization of Iminoalkynes 
(Equation 2.121) [159b] 

I 2 (1.50 mmol), NaOAc (0.75 mmol), and MeCN (5 mL) were placed in a 2 dram 
vial. The iminoalkyne (0.25 mmol) in MeCN (2 mL) was added dropwise. The 
vial was flushed with Ar, and the reaction mixture was stirred at room temperature 
for 0.5 h. The reaction mixture was then diluted with ether (25 mL), washed with 
satd Na 2 S 2 0 3 (25 mL), dried (Na 2 S0 4 ), and filtered. The solvent was evaporated 
under reduced pressure, and the product was purified by flash chromatography 
(3:1 hexane/EtO Ac). 

2.7.6 

Synthesis of Cyclic Amines by Acetylene-lminium Ion Cyclizations 
(Equation 2.125) [166b] 

A 250 mL one-necked, round-bottomed flask containing a magnetic stirring bar 
and a reflux condenser topped with a rubber septum inlet was flushed with Ar 
and charged with alkynylamine (21 mmol), Nal (73 mmol), formaldehyde solution 
(37% w/w, 35 mL), camphorsulfonic acid monohydrate (22 mmol), and water 
(80 mL). The resulting mixture was heated at reflux under an Ar atmosphere for 
15 min and was then allowed to cool to room temperature. This solution was 
made basic by addition of aq. KOH solution (5 m) and then poured into a separat¬ 
ory funnel, where it was extracted with CH 2 C1 2 (3 X 50 mL). The combined organic 
layers were dried over Na 2 S0 4 , filtered, and concentrated on a rotary evaporator. 

The resulting residue was purified by flash chromatography (ca. 150 g silica gel, 

1:1 hexane/ethyl ether containing 5% Et 3 N as eluent). 
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3 

Addition of Terminal Acetylides to C=0 and C=N Electrophiles 

Patrick Aschwanden and Erick M. Carreira 


3.1 

Introduction 

For hydrocarbons, acetylenes enjoy rich reaction chemistry. Internal acetylenes not 
only undergo many of the functionalization reactions of olefins, but are also sub¬ 
ject to a plethora of additional transformations [1], They have been shown to parti¬ 
cipate readily in amination [2] and carbometalation reactions [3], and can also be 
isomerized to the terminal isomers under the basic conditions of the zipper reac¬ 
tion [4]. Terminal acetylenes can be subjected to reactions similarly to their internal 
isomers, albeit with the added benefit that in general their reactions tend to exhibit 
greater regioselectivity as a consequence of steric and electronic considerations. 
There is one particular aspect of terminal acetylenes that sets them apart from 
other hydrocarbons, namely the lability of the terminal proton under a variety of 
conditions. The ability of terminal acetylenes to be readily deprotonated is believed 
to be due to a high proportion of s character associated with the carbon atom 
(Figure 3.1) [5(a), 6]. This feature has been recognized for some time and enables 
the generation of acetylides capable of participating in C-C bond formation. 
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pl< a values of acetone and 
simple hydrocarbons. 


The ease with which terminal acetylenes undergo metalation has been critical in 
a number of key coupling reactions involving terminal acetylenes. Thus, the oxida¬ 
tive dimerization of acetylenes and the Pd-catalyzed coupling with aryl and alkenyl 
halides are prominently employed in synthetic chemistry. The classic Glaser reac¬ 
tion, first reported in 1869, involves the oxidative coupling of terminal acetylenes in 
the presence of Cu(i), amine base, and oxygen [7]. This was subsequently to be¬ 
come the cornerstone for the development of the Eglinton, Hay, Cadiot-Chodkie- 
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wicz, Castro-Stephens, and Sonogashira coupling reactions, all of which have re¬ 
volutionized synthetic strategies for C-C bond formation (Figure 3.2) [7]. Addition¬ 
ally, in the presence of simple bases (e. g., KOH), terminal acetylenes will add to 
aldehydes and ketones. This feature forms the basis of a synthesis of vitamin A 
(1) documented by workers at BASF (Figure 3.3) [8], The addition of acetylene to 
methyl heptenone 2 provides access to dehydrolinalool 3 that subsequently leads 
to P-ionone 4. The addition of acetylene to 4 furnishes vinyl-P-ionol 5, a precursor 
to a key Wittig reagent 6, which is ultimately coupled to C 5 building block 7 derived 
from the addition of acetylene to methyl glyoxal dimethylacetal (8 —> 9). 

The traditional methods involving metalation by Ag(i) or Cu(i) furnish alkyny- 
lides that appear to lack the necessary reactivity towards a broad range of C=0 
and C=N electrophiles. Thus, despite the simplicity of the methods described 
above, allcynylides typically employed in C = 0 and C=N addition reactions are 
commonly prepared from an acetylene and bases such as organolithiums (e. g., 
BuLi) [9], organomagnesiums (e. g., EtMgBr) [10], and amides [11]. Importantly, be¬ 
cause the aldehydes and imines that one would wish to use are incompatible with 
such basic and/or nucleophilic reagents, allcyne deprotonation must necessarily be 
carried out as a separate step [12], 


Glaser Coupling 

2 Ph- = -H + 1/2 0 2 


cat. CuCI 
NH 4 OH, EtOH 


Ph 


Ph + H 2 0 


Eglinton Coupling 

2 R — H + 1/2 O z 


cat. CuX 

77 ^ R—=—=—R + H 2 0 

pyridine 


Hay Coupling 

2 R = H + 1/2 0 2 


cat. CuCI 

— -► 

TMEDA, acetone 


R = = -R + H 2 0 


Cadiot Chodkiewi cz 

cat. CuX 

R — H + X — R' -► R—=—=—R' 

NEt 3 


Castro Stephens 

cat. CuX 

R — H + X-Ar -► R — Ar 

pyridine 


Sonogashira 
Ar-X + 


H — R 


cat. PdCI 2 (PPh 3 ) 2 


Ar — R 


cat. Cul, NEt 3 

Figure 3.2 The classic Cu(i)-mediated acetylene activation and coupling reactions. 
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Figure 3.3 The synthesis of vitamin A. 


By building upon the known metalation methods and on recent discoveries and 
developments of novel methods for the activation of terminal acetylenes, a multi¬ 
tude of fresh possibilities for the generation of new processes for nucleophilic ad¬ 
ditions have been achieved. This chapter focuses on the latest developments in 
acetylene deprotonation and activation to afford reactive organometallic reagents 
that have been incorporated into asymmetric C = 0 and C=N addition reactions. 


3.2 

Background 

As early as 1900, Favorsky and Skosarevsky reported the addition reaction between 
acetylene and aldehydes or ketones in the presence of KOH [13]. At 5°C, mono¬ 
addition of acetylene to carbonyl acceptors was observed, while at elevated tempera¬ 
tures (25-35 °C) the 1,4-diol adducts were preferentially isolated. Both catalytic and 
stoichiometric variants of this fundamental process were extensively investigated 
(Equation 3.1) [14, 15]. In general it was observed that the use of highly polar sol¬ 
vents such as DMSO, N-methylpyrrolidone, ammonia, and HMPA was optimal. 
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The high solubility of acetylene in such media and the existence of complexes in¬ 
volving base and solvents were responsible for the unique aspects of these systems. 
In 1996, it was shown that, in DMSO, potassium tert -butoxide effects deprotona¬ 
tion of acetylenes and the subsequent acetylide participates in ketone addition 
reactions (Equation 3.2) [16]. Attempts to utilize an enolizable aldehyde in this pro¬ 
cess, however, resulted in a complex mixture of products. Subsequently, the use of 
tetraalkylammonium hydroxides in DMSO was shown to permit the addition of 
terminal acetylenes to aldehydes in yields of up to 96% (Equation 3.3) [17]. 


O 

X + H- 

Me'Me 


—H 


8 mol% KOH 
-► 

NH,, 20-27 °C, 4 h 


OH 


Me' 

Me 


75% yield 


Equation 3-1 




H—=—R‘ 


, 10-20 mol% f BuOK 

3 _ -► 


R R 


DMSO 


HO’ 


70 - 90% yield Equation 3-2 


O 

JJ + H- 
R^R 2 


—R 


M e© 0 OH 
10 mol% Me-N-Bn 
Me 7 

-> 

DMSO 


HO 


up to 96% yield Equation 3-3 


In an effort to expand the scope of these straightforward processes, Corey ele¬ 
gantly demonstrated that Cs salts are effective for the conversion of trimethylsily- 
lacetylene into the corresponding cesium acetylides, which can then be employed 
in carbonyl addition reactions (Equation 3.4) [18]. Subsequent recent work by 
Knochel has expanded this method to include CsOH in DMSO/THF or THF 
(Equation 3.5) [19]. These methods for the generation of propargyl alcohols are no¬ 
teworthy for their simplicity and convenience of execution. 



Ph 


CsF/CsOH = 1:1 
(1.6 equiv F 0 ) 



MeO’ 


THF, -20 °C, 6 h 


MeO’ 


90% yield 

Equation 3-4 
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O 


CsOH-H 2 0 (10-30mol%) 

THF/DMSO or THF 
23 °C, 1-5 h 


OH 



R 



R' 


66-96% yield 


Equation 3-5 


Despite the practical aspects of processes involving deprotonation with alkali 
metal hydroxides and related species, however, the use of such metalation processes 
in catalytic asymmetric synthesis remains elusive. Although a number of notable 
processes involving the use of organocesium reagents in asymmetric synthesis 
have been described [20], in general, understanding and manipulation of organo- 
potassium and -cesium reagents is not as far advanced as that of other organome- 
tallic or main group species. There has thus been recent interest in the discovery 
and study of methods for the metalation of terminal acetylenes under mild condi¬ 
tions to produce species amenable to modification and manipulation by chiral 
ligands and thus result in the formation of optically active propargyl amines and 
alcohols. 

The prototype for the development of mild methods for acetylene deprotonation 
and their subsequent use in C-C bond formation has been the chemistry of Cu(i) 
and terminal acetylenes. Thus, as outlined above, methods that use Cu(i) acetylides 
enjoy a rich history in synthetic chemistry, because of their reliability in preparative 
synthesis. However, despite their immense versatility in transition metal-mediated 
coupling processes, they are considerably less effective with C=0 and C=N elec¬ 
trophiles. Reactions of the former are rare [21], while the latter are known, but 
rather limited in their application (vide infra). 

Propargyl alcohols and amines constitute useful and versatile building blocks for 
chemical synthesis. In particular, the former have served as intermediates for the 
synthesis of hydroxy acids, steroids, avenaciolide, vitamin E, prostaglandins, pher¬ 
omones, tetrahydrocerulenin, and other compounds [22]. There has therefore been 
great interest in the discovery and development of methods for their use as build¬ 
ing blocks. The synthesis of optically active propargyl alcohols has so far largely 
been achieved through the enzymatic resolution of racemic secondary propargyl al¬ 
cohols or enantioselective reduction of ynones [23, 24, 25], 

The capability to prepare propargyl alcohols or amines by direct addition of me- 
talated terminal acetylenes to aldehydes or imines would constitute a complemen¬ 
tary approach to the more traditional methods. In the latter methods the propargyl 
stereocenter is established in a separate step distinct from the C-C bond formation. 
In contrast, the direct addition of acetylides to C=0 or C=N electrophiles should 
in principle be more efficient, because the ynone starting materials required for the 
more traditional approach are not in general readily available. 

Methods for the enantioselective addition of metal acetylides to aldehydes can be 
classified into two broad categories: (1) addition reactions involving the stoichio¬ 
metric use of preformed metalated terminal acetylenes, and (2) those in which 
metal acetylides are generated in situ and produced in substoichiometric amounts. 
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3.3 

Additions with Stoichiometric Amounts of Metal Acetylides 

The pioneering investigations involving asymmetric addition of metalated acety¬ 
lides are to be found in the late 1980s, with alkynyl boron and zinc reagents. In 
1994, Corey and Cimprich documented the effective use of boryl acetylides 10 in 
enantioselective aldehyde addition reactions (Equation 3.6) [25(b)]. Extensive me¬ 
chanistic studies of oxazoborolidine-catalyzed borohydride reductions of ketones 
set the stage and provided a guiding paradigm for the study of acetylide additions 
[26]. These asymmetric additions of 10 were mediated by the chiral oxazaboroli- 
dene 11, which is readily assembled from a proline-derived amino alcohol and 
an alkylboronic acid. The reported product enantioselectivities were impressive, 
with products isolated in preparatively useful yields and in up to 98 % ees. A pro¬ 
posed transition state structural model (Figure 3.4) enjoys the important features of 
dual activation of both the nucleophile (acetylide) and electrophile (aldehyde) that 
had been proffered in the oxazaborolidine-catalyzed ketone reductions. The precur¬ 
sors to 10 are the corresponding stannylacetylenes. These have been investigated in 
diastereoselective aldehyde additions in which products are formed with high selec¬ 
tivity (Equation 3.7) [27]. 


R 2 —=—SnBu 3 


1) 


Me?BBr 


toluene, -78 °C 


- R 


-BMe? 


Ph 

o 

B 

11 R 


r 

p v, 

HN- d / 


10 


2) R’CHO 


OH 



R 1 



Equation 3-6 


Figure 3.4 Proposed transition state structure in the 
activation and addition of borylacetylide. 
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Felkin : anti-Felkin = 4 : 96 (68% yield) 

Equation 3-7 
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Another significant study involves the addition reactions of dialkynylzinc re¬ 
agents 12 reported by Niwa and Soai (Equation 3.8) [28, 29]. The investigations 
were based on an earlier report by Mukaiyama and co-workers involving 2-hydro- 
xymethyl-l-[(l-methylpyrolidin-2-yl)methyl]pyrrolidine, which catalyzed the addi¬ 
tion of Et 2 Zn to benzaldehyde [30]. The metalated acetylene is prepared by allowing 
the terminal acetylenes to react with Et 2 Zn [31]. In the presence of (+)-N,N-dibutyl- 
norephedrine ( 13 ) the dialkynylzinc reagents add to aldehydes to afford propargyl 
alcohol products with modest enantioselectivities (up to 43% ee). In the same re¬ 
port, the complementary addition of dialkylzinc reagents to alkynals proved 
more effective in furnishing propargyl alcohol adducts in up to 78 % ee. 


( R2 ^| 2 Zn + 

12 

R 2 = alkyl, Ph, SiMe 3 


O 


Bu 2 N OH 

y~i 

Me 13 Ph 
--- * 

toluene, -20 °C 


OH 


R 1 = alkyl and Ph 


up to 99% yield 
up to 43% ee 


Equation 3-8 


Enantioselective additions of PhC^CZnBr ( 14 ) were investigated in the context of 
a synthesis of 15 , an insecticide displaying low toxicity towards fish (Equation 3.9) 
[32]. The zinc acetylide reagent was generated by transmetalation of lithiated phe¬ 
nyl acetylide (PhC=CH and BuLi, 0°C) with ZnBr 2 . The organometallic species, 
formulated as PhC=CZnBr, was treated with the lithium alkoxide salt of (-)-N- 
methylephedrine 16 , and the ensuing complex was shown to undergo addition 
to aldehyde 17 , giving propargyl alcohol adduct 15 in 88% ee and 80% yield. 
The investigators went on to demonstrate that addition reactions to other aromatic 
aldehydes furnished adducts with modest to good enantioselectivities. 



toluene, 0-5 °C, 20 h 80% yield, 88% ee 

Equation 3-9 


Studies have also been carried out with mixed organozinc agents such as ethyl(2- 
phenylethynyl)zinc ( 18 , Equation 3.10) [33], prepared from reactions between term¬ 
inal alkynes and Et 2 Zn. The addition of such species to aldehydes was examined in 
the presence of 10 mol% pyridinyl alcohol ligand 19, with optimal selectivities 
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observed at room temperature [34]. The range of aldehydes examined included 
benzaldehyde and various aliphatic aldehydes (pivaldehyde, cyclohexylcarboxalde- 
hyde, nonaldehyde), and the corresponding adducts were isolated in up to 90% ee. 


1.2 equiv Et 2 Zn 
THF, 0 °C, 18 h 


Ph 




H 


+ EtZn = Ph 


18 




93% yield, 81% ee 

Equation 3-10 


Further new developments in the reaction of mixed organozinc reagents R : ZnR 2 
(Rj = alkyl, R 2 = alkynyl) have recently been documented. The addition reaction of 
methyl(2-phenylethynyl)zinc (20) to aromatic aldehydes has been effected by the 
use of modified 2-amino-l,2-diphenylethanol-derived ligands (Equation 3.11) 
[35]. The addition reactions to aromatic aldehydes were conducted over 6-48 h 
at -20 °C in toluene with 5-20 mol% ligand 21 and 2.2 equiv. Et 2 Zn to give ad¬ 
ducts with >95 % conversion and in up to 93 % ee. In the course of this study 
the investigators proposed transition structure 22 (Figure 3.5) to account for the 
observed absolute configuration of the isolated products. 



>95% yield, 93% ee 

Equation 3-11 


The use of BINOL modified by 3,3'-substitution with bulky groups has proven 
effective in the addition reaction of 18 (generated in situ from phenylacetylene 
and 2 equiv. Et 2 Zn) to aromatic aldehydes such as benzaldehyde, o- and p-chloro- 
benzaldehyde, o- and m-tolualdehyde, o- and p-methoxybenzaldehyde, and 1-naph- 
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Figure 3.5 Proposed transition state structure in the 
addition of 20 and aromatic aldehydes mediated by 
ligand 21. 


thaldehyde (Equation 3.12) [36]. The addition reactions are typically conducted with 
10 mol% ligand 23 and 2 equiv. Et 2 Zn in THF at ambient temperature, affording 
aryl alkynyl carbinols in 45-75% yield and with up to 94% ee. 



74% yield, 94% ee 


Equation 3-12 


There have been a number of studies in which the putative complex formed be¬ 
tween BINOL itself and Ti(0‘Pr) 4 has been utilized in the reactions of 18 or 20 and 
aldehydes as shown (Equations 3.13-3.16). In the first of these studies [37], Moore 
and Pu observed optimal selectivities in the additions of aromatic aldehydes and 
18, as well as in an example involving ‘Pr 3 SiC=CZnEt. The metalation of the al- 
kyne was conducted with 1 equiv. Et 2 Zn in refluxing toluene, and the subsequent 
aldehyde additions were carried out in dichloromethane at ambient temperature. 
The additions were carried out with 50 mol% Ti(0‘Pr) 4 , and 20 mol% BINOL, giv¬ 
ing adducts in 71-81% yields and with 92-98% ees (Equation 3.13). The investi¬ 
gators expanded the scope of the addition of phenylacetylene to include aliphatic 
carboxaldehydes, including nonanal, octanal, pentanal, isobutyraldehyde, cyclohex- 
ylcarboxaldehyde, and dihydrocinnamaldehyde (Equation 3.14) [38]. Extensive stud¬ 
ies of the reaction parameters resulted in the optimal procedure, which prescribes 
the use of 4 equiv. phenylacetylene, 4 equiv. of Et 2 Zn, 1 equiv. Ti(O l Pr) 4 , and 
40 mol% BINOL to afford adducts in 58-96% ees and >91% yields [25(a)]. A 
key aspect of the process is the slow addition of aldehyde to the reaction mixture. 
This procedure has been employed by Marshall and Bourbeau [39] in the prepara¬ 
tion of building blocks of great utility in polyketide synthesis (Scheme 3.1). In re- 
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lated independent work, the benefits of additives in the addition reaction between 
methyl(phenylethynyl)zinc (20; generated in situ from phenylacetylene and 1.2 
equiv. Me 2 Zn at 0 °C) and aldehydes were demonstrated under conditions invol¬ 
ving 15-30 mol% Ti(0‘Pr) 4 in THF at 0°C (Equation 3.15) [40]. Particularly impor¬ 
tantly, the investigators observed that the addition of 10 mol % phenol can lead to 
improvements in the enantioselectivity of the products formed. Thus, in a typical 
example, the addition of phenylacetylene to benzaldehyde in the absence and in the 
presence of phenol afforded adducts with 90 and 96% ees, respectively. Further 
developments of the BINOL-catalyzed processes have provided new modes for 
the preparation of catalytically active systems in situ, with the use of 24 as an 
additional ligand (Equation 3.16) [40(b)]. 


1.2 equiv Et 2 Zn 
toluene reflux, 5 h 



=—Ph 

o y 

H + Et—Zn^=—Ph 

Me 18 


20 mol% (S)-BINOL 
50 mol% Ti(0'Pr) 4 
CH 2 CI 2 , rt, 4 h 



81% yield, 96% ee 

Equation 3-13 


1.2 equiv Et 2 Zn 
toluene reflux, 5 h 



-Ph 


H + Et—Zn- 


-Ph 


10 mol% (S)-BINOL 
25 mol% Ti(0'Pr) 4 
Et 2 0, rt, 4 h 


18 


OH 


'Ph 

84% yield, 97% ee 

Equation 3-14 


-Ph 


1.2 equiv ZnMe 2 
THF, 0 °C, 18 h 



H + Me—Zn^=—Ph 

20 


10 mol% (R)-BINOL 
10 mol% phenol 
30 mol% Ti(0'Pr) 4 


OH 


85% yield, 96% ee 

Equation 3-15 
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78 - 85% yield 
92 - 99% ee 

Equation 3-16 


TBSO 0 


Me 


+ 


H = T MS 


ZnEt^, Ti(0'Pr) 4 
(R)-BINOL 

toluene / ether 


TBSO OH 



95:5 syn:anti 


TBSO 0 


Me 


+ 


H —-TMS 


ZnEt,, Ti(0'Pr) 4 
(S)-BINOL 
toluene / ether 



90:10 anti:syn 

Scheme 3.1 Preparation of propargyl alcohols as building blocks for polyketide synthesis with 
BINOL, Et 2 Zn, and Ti(0'Pr) 4 . 


Additions of metalated terminal acetylenes to ketones have also been investi¬ 
gated. Pioneering studies were carried out at Merck in the context of a practical 
synthesis of efavirenz (25), an HIV reverse transcriptase inhibitor (Scheme 3.2) 
[41]. This group has reported a key enantioselective addition of lithium-cyclopropy- 
lacetylide complex 26 (obtained from 27) to p-methoxybenzyl-protected trifluoro- 
methyl ketoanilide 28 mediated by the lithium alkoxide salt of (-)-N-pyrrolidinyl- 
norephedrine 29, affording adduct 30 in 99% ee. Careful mechanistic studies 
including meticulous spectroscopic work by Collum and co-workers [42] provided 
detailed understanding and allowed optimization of the reaction. A related process 
utilizing the zinc acetylide complex 31 (Scheme 3.3) was also developed and shown 
to give adducts with high selectivity [43]. 
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91-93% yield, 98% ee; 

> 99.5% ee after recrystallization 

Scheme 3.2 The Merck synthesis of Efavirenz with the aid of a chiral lithium-cyclopropyl acetylide 
complex. 


Me 2 Zn, CF 3 CH 2 OH 
THF, < 30 °C , 


[> = -MgCI 

THF 

▼ 



OCH 2 CF 3 



Me 



95.3% yield, 99.2% ee 

Scheme 3.3 The Merck synthesis of Efavirenz with the aid of an optically active zincate. 
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Subsequent studies demonstrated that a related reaction process could be em¬ 
ployed with several amino alcohol ligands (e. g., 32 and 33 ) in the preparation of 
propargyl alcohols derived from the addition of acetylides to various aromatic alde¬ 
hydes (Equation 3.17) [44]. The addition of lithium acetylide 34 to benzaldehyde 
mediated in the presence of 1 equiv. of chiral ligand 35 afforded adduct in 
99% ee and 84% yield (Equation 3.18) [45]. 



84% yield, 99% ee 

Equation 3-18 


There have been additional recent developments in enantioselective addition of 
mixed methyl alkynylide zinc reagents to ketones [46], Thus, 20 and related species 
were generated from phenylacetylene, Me 3 SiC=CH, and propargyl chloride by 
treatment of the terminal acetylenes with 3 equiv. Me 2 Zn in toluene. After addition 
of 20 mol% chiral ligand 36, the addition reactions are carried out in toluene 
at ambient temperature over the course of 96 h to afford tertiary alcohols in 
40-89% yields and with 32-81% ees (Equation 3.19). 


H = Ph 
3 equiv 


3 equiv ZnMe 2 
toluene, rt, 36 h 


O 

Bu^Me 


Y 

Me—Zn^—Ph 

20 



89% yield, 80% ee 

Equation 3-19 
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3.4 

Nucleophilic C=0 Additions involving the use of Zn(ll) Salts 

The majority of processes that have been devised, and continue to be developed, for 
the preparation and use of acetylide carbanions require the generation of stoichio¬ 
metric quantities of metalated acetylene. As described above, this has been effected 
either with strong amide bases or by metalation with alkyllithium (e. g., BuLi) or 
dialkylzinc, typically in excess. The fact that Cu(i) and Ag(i) acetylides have 
been generated under exceedingly mild conditions (ambient temperature, amine 
bases) and that these have been shown to participate in selected additions to imi- 
nium electrophiles (vide infra) suggests that similar conditions might be identifi¬ 
able for other metal salts. Acetylides generated in such a manner could be compa¬ 
tible in catalytic cycles involving C=0 and C = N electrophiles and thus present 
new avenues for further investigation and discovery. In this context, the develop¬ 
ment of an interesting modern process for acetylide generation is to be found in 
a report involving the use of amine bases and Sn(n) (Equation 3.20) [47]. In the 
presence of 1 equiv. Sn(OTf) 2 and tributylamine, both aldehydes and ketones 
were shown to participate in acetylide additions to afford the corresponding propar- 
gyl alcohols at ambient temperature in 57-95 % yields. 




H = R 


aldehyde or ketone 


1 equiv Sn(OTf) 2 
1 equiv amine base 
CH 2 CI 2 , rt 



57-95% yield 


Equation 3-20 


In 1999, a novel procedure for the generation of metalated acetylenes under mild 
conditions was identified, it being shown that terminal acetylenes could be 
converted rapidly into Zn acetylides in the presence of amines and Zn(n) at 
room temperature (Equation 3.21) [48]. In subsequent investigations, a mecha¬ 
nistic scheme by which Zn(n) and amine base combine to afford a monoalkynyl 
zinc species was proposed. This species subsequently participates in C=0 and 
C=N additions. The acetylene can be activated towards deprotonation through 
either one of two processes (Figure 3.6) [49]. The first involves complexation of 
the acetylene to the Zn(n) center (37), which should increase the ability of the 
acetylenic proton to form a hydrogen bond with base (38) and ultimately to un¬ 
dergo deprotonation. Alternatively, formation of a hydrogen bond between the 
terminal acetylene and amine (39) should lead to a corresponding increase in 
the propensity to coordinate to Zn(n) and form 40. The generation of Zn-alky- 
nylides may thus take place through the operation of either pathway. 


R"—= 


Zn(OTf) 2 

R 3 N 


R"- 


H 


H 


Zn(OTf) + R 3 NH(OTf) 


Equation 3-21 
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Figure 3.6 Proposed process for the metalation of terminal acetylenes by Zn(n) and amine 
bases. 


Infra-red spectroscopic studies proved critical in providing data consistent with 
the proposed metalation process (Figure 3.7) [50]. In these experiments, the rever¬ 
sible disappearance of the stretch corresponding to the terminal C-H of phenylace- 
tylene could readily be monitored. When the acetylene and either an amine base 
(e. g., triethyl amine, Hiinig’s base) or Zn(OTf) 2 were used alone, no evidence of 
deprotonation was observed. The combination of amine and Zn(OTf) 2 , however, 
led to rapid disappearance of the terminal alkyne C-H stretch. Subsequent portion- 
wise addition of triflic acid resulted in the reappearance of the terminal C-H 
stretch, consistently with a reversible metalation event. 



▲ 



Figure 3.7 ReactIR spectra of the C-H stretch resonance signal of phenylacetylene in CH 3 CN. 
At 10 min (▲) Et 3 N was added, and subsequently at 25 min (★) Zn(OTf) 2 . In the presence of 
both components the IR band corresponding to the terminal C-H completely disappears within 
4 minutes. 
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The new method for the generation of alkynylzinc reagents was initially applied 
in additions to nitrones and subsequently aldehydes, to afford propargyl hydroxy - 
lamines and alcohols, respectively. As described in the previous section, zinc alky- 
nylides had previously been prepared through the use of stoichiometric metalating 
agents [51]: (1) most notably by transmetalation of dialkylzinc and terminal acety¬ 
lenes to give either mixed alkyl alkynyl zinc organometallics or the diallcynylzinc 
species, or alternatively (2) transmetalation of alkynyl lithium intermediates with 
ZnX 2 salts. The nature of the species generated in the second of these approaches 
is far from clear, because any of a number of organometallic reagents (RZnX, 
RZnX 2 , LiZnR 2 X, for example) might result. The observation that acetylenic zinc 
reagents could be generated directly from terminal acetylenes and simple zinc 
salts thus not only offers a new organometallic species, but also represents a 
new reactivity mode not previously observed. Importantly, the method offers new 
potential for the construction of C-C bonds, as it was subsequently shown that 
the organozinc reagents displayed reactivity differences with previously investi¬ 
gated metal acetylides. 

In the initial applications of the new metalation technique, asymmetric aldehyde 
addition reactions with stoichiometric quantities of Zn(n) and NEt 3 or Hiinig’s base 
were investigated (Equation 3.24-3.27) [52]. Subsequently, it was shown that other 
conditions can also be employed in the metalation reaction (Equation 3.22). Thus, a 
study describing the use of Zn(OTf) 2 and DBU in ionic liquids - 8-ethyl-l,8-diaza- 
bicyclo[5.4.0]-7-undecinium triflate ([EtDBU][OTf]) and 1 -butyl-3-methyl-lTf-imida- 
zolium tetrafluoroborate and hexafluorophosphate ([bmim][BF 4 ], [bmim][PF 6 ]) - not 
only introduced a new base for the metalation, but also implicates the potential of 
Zn(BF 4 ) 2 and Zn(PF 6 ) 2 salts in the metalation reaction [53]. Additionally, ZnCl 2 and 
ZnC0 3 were also shown to be effective in subsequent studies (Equation 3.23) [54]. 


O 


DBU, Zn(OTf) 2 
23 °C, 48 h OH 



R 



(EtDBU)(OTf) 


or 


45 - 93% yield 


(bmim)(BF 4 ) 


or 


(bmim)(PF 6 ) 


Equation 3-22 



ZnCI 2 91% yield 
ZnC0 3 15% yield 


Equation 3-23 
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The use of stoichiometric amounts of (+)-N-methylephedrine (41) resulted in the 
formation of propargyl alcohols at ambient temperatures with up to 99 % ees and in 
preparatively useful yields (Equation 3.24) [52]. The process works with a wide 
range of aldehyde and acetylene partners, and particularly with Ca-branched alde¬ 
hydes (Equation 3.25). Also noteworthy are the addition reactions involving func¬ 
tionalized alkynes that not only furnish products that can be employed as versatile 
building blocks, but also illustrate the mildness of the metalation reaction, which is 
compatible with functionality (Equation 3.26). In subsequent work, ethyne itself 
has been shown to participate in the addition reactions, giving products with 
high enantioselectivity, but at the current level of development the process can 
be slow (Equation 3.27) [55]. 



Ph Me 

1.2 equiv ^( 


o 

HO .. NMe 2 

41 

OH 

1 

JJ + R' — H 

R^H 

1.1 equiv Zn(OTf) 2 


aliphatic 

aromatic 

1.2 equiv NEt 3 

R’ 

toluene, 23 °C, 1-20 h 

45-91% yield 

86-99% ee 

Equation 3-24 
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Ph Me 
1 .2equiv ^^ 

HO NMe 2 

+ Ph(CH 2 )2 = H -* 

1.1 equiv Zn(OTf) 2 

1.2 equiv NEt 3 
toluene, 23 °C, 4 h 



98% yield, 99% ee 

Equation 3-25 





OEt 


OEt 


Ph Me 
1.2 equiv ^^ 


HO NMe 2 


1.1 equiv Zn(OTf) 2 
1.2 equiv NEt 3 
toluene, 23 °C, 8 h 


OH 



OEt 

90% yield, 98% ee 

Equation 3-26 


O 


H 


Ph Me 

1.2 equiv ^^ 

HO NMe 2 OH 


1.1 equiv Zn(OTf) 2 

1.2 equiv EtN'Pr 2 
toluene, 23 °C, 7-14 d 


H 


30-92% yield 
91-98% ee 


Equation 3-27 
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As an alternative to ethyne, 2-methyl-3-butyn-2-ol (42) can be employed 
(Equation 3.28); the acetone protecting group on the acetylene can subsequently 
be conveniently removed (Equation 3.29) [56]. This process permits the synthesis 
of unsymmetric 1,4-alkynyldiols (Scheme 3.4) [57]. 


O 


+ 


H 


,OH 
Me Me 


42 


Ph 


1.2 equiv 


HO 


Me 

NMe 2 

-► 


1.1 equiv Zn(OTf) 2 
1.2 equiv NEt 3 
toluene, 23 °C 


OH 



up to 97% yield 

up to 99% ee Equation 3-28 


OH 



cat. 18-crown-6 
1 equiv K 2 C0 3 

toluene, reflux 


OH 



70-91% yield 


Equation 3-29 


Ph 





Scheme 3.4 Diastereoselective synthesis of unsymmetrical 1 ,4-alkynediols. 
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The reaction has been shown to be tolerant of a wide range of solvents and 
amenable to variation in the relative stoichiometry of the reagents. Thus, it is easily 
feasible to optimize yield and enantioselectivity for any substrate by adjustment of 
any of these variables (Scheme 3.5) [56]. Moreover, the reaction has been employed 
in the context of complex natural products syntheses, such as those of acetogenins 
( 43 ; via 44 ), epothilones A and B (45 and 46 ; via 47 ), and leucascandrolide ( 48 ; via 
49 ) (Schemes 3.6-3.8) [58]. The syntheses of strongylodiols A ( 50 ; via 51 ) and B 
( 52 ; via 53 ) (Schemes 3.9-3.10) [59] expand the scope of the stoichiometric process 
to include the activation and asymmetric addition of 1,3-diynes such as 54 . 


1.1 equiv Zn(OTf) 2 

1.1 equiv NEt 3 
toluene, 23 °C 
Ph Me 

1.2 equiv 5—^ 

HO NMe 2 


x 

nCgHX^H + 


,OH 
Me' Me 


2.0 equiv Zn(OTf) 2 
2.0 equiv NEt 3 
toluene, 23 °C 

Ph Me 


OH 


nC.H 



,OH 
Me' Me 
81% yield, 98% ee 


2.1 equiv j ^ 

HO NMe 2 

Scheme 3.5 Enantioselective addition of 2-methyl-3-butyn-2-ol to aldehydes. 


"C^H, 


OTBDMS 


Ph 



n C 12 H, 


Scheme 3.6 Diastereoselective addition of a zinc acetylide in the synthesis of acetogenin (43). 
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TIPSO. 



Ph Me 
2.1 equiv \—^ 

Me HO NMe 2 


2.0 equiv Zn(OTf) 2 
2.2 equiv NEt 3 
toluene, 23 °C 
then BzCI 


► TIPSO. 



47 

72% yield, dr >20:1 



Epothilone A (R = H) (45) 

Epothilone B (R = Me) (46) 

Scheme 3.7 Synthesis of propargyl alcohol 47 as an optically active building block in the 
synthesis of epothilones A and B. 


Me 



O 


+ 



1.2 equiv (-)-NME 

1.1 equiv Zn(OTf) 2 

- ► 

1.2 equiv NEt 3 

toluene, 23 °C, 48 h 



75% yield, dr 94:6 


Me 



Leucascandrolide A (48) 

Scheme 3.8 Diastereoselective addition of a zinc acetylide in the synthesis of leucascandrolide 
(48). 
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(R)-Strongylodiol A (50) 

Scheme 3.9 Enantioselective addition of a zinc acetylide as a key step in the synthesis of 
(R)-strongylodiol A (50). 



(R)-Strongylodiol B (52) 

Scheme 3.10 Synthesis of (R)-strongylodiol B (52) with the use of zinc-mediated asymmetric 
addition of an alkyne to an aldehyde. 
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Ph Me 
22 mol% )—{ 

n HO NMe, 

u 41 

JJ + H = R' -—-► 

R ^H 20 mol% Zn(OTf ) 2 

50 mol% NEt 3 

al| P hatlc toluene, 60 °C, 2-24 h 

aromatic 


OH 



45-94% yield 
86-99% ee 


Equation 3-30 


Subsequent to the reports of the stoichiometric use of Zn(n), chiral amino alco¬ 
hol 41, and amine base, a catalytic version was documented. In the early catalytic 
work the reaction was reported to proceed with the use of 22 mol % N-methylephe- 
drine, 20 mol% Zn(OTf) 2 , and 50 mol% Et 3 N to furnish adducts with high enan- 
tioselectivity (Equation 3.30) [60]. The key difference between the earlier stoichio¬ 
metric version and the catalytic procedure is that the latter is conducted at an 
elevated temperature (60 °C), which enables catalytic turnover; remarkably, only a 
small diminution in the enantioselectivity of the products is observed. The catalytic 
conditions have been utilized in a number of studies for the synthesis of building 
blocks such as 55 and 56 (Scheme 3.11) [61]. Both the process utilizing stoichio¬ 
metric Zn(n) and the catalytic version can be conducted with reagent-grade sol¬ 
vent, and neither requires rigorous exclusion of air (Scheme 3.12) [62]. A novel fea¬ 
ture of the processes is the fact that the reactions can be carried out under solvent- 
free conditions, making the process highly atom economic and volumetrically effi¬ 
cient (Equation 3.31). Under these conditions, the reactions can be conducted at 
considerably lower catalyst loadings (Equation 3.32) [50]. 


O 

pAh 



20 mol% Zn(OTf ) 2 
22 mol% (+)-NME 
NEt 3 , toluene, 60 °C 



81% yield, 94% ee 


c-CkH 


O 



20 mol% Zn(OTf ) 2 
22 mol% (+)-NME 
NEt 3 , toluene, 60 °C 


OH 

c-C 6 Hh 

56 

90% yield, 85% ee 



OH O 


C-CrH-i 


Ph 


Scheme 3.11 Zinc-catalyzed enantioselective preparation of propargyl alcohols for the synthesis 
of optically active (1-hydroxy ketones. 
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Ph Me 

22 mol% )—( 

HO NMe 2 

SiEt 3 - 

20 mol% Zn(OTf) 2 
50 mol% NEt 3 
60 °C, solvent free 


OH 



87% yield, 91% ee 

Equation 3-31 


Ph Me 

O 3.3 mol% y —( 

HO NMe 2 


3 mol % Zn(OTf) 2 
12 mol % NEt 3 
50 °C, 20 h, solvent free 

70% yield, 99% ee 

Equation 3-32 




c-C fi H 


O 

X 



1.1 equiv Zn(OTf) 2 
1.2 equiv Et 3 N 
23 °C 

-► 

Ph Me 

1.2 equiv M 

HO NMe 2 


OH 



Ph 


Distilled toluene (20 ppm H 2 0) 
N 2 


99% yield; 96% ee 


ACS Reagent-grade toluene (96 ppm H 2 0) 

air 94% yield: 94% ee 


O 


U + H = Ph 
c-CgHi^H 


20 mol% Zn(OTf) 2 
50 mol% Et 3 N 
60 °C 

-► 

Ph Me 
50 mol% )—( 

HO NMe 2 


OH 


C-CrHi 


'Ph 


Distilled toluene (20 ppm H 2 0) 
N 2 


89% yield; 94% ee 


ACS Reagent-grade toluene (96 ppm H 2 0) 

ajr 79% yield; 92% ee 

Scheme 3.12 Enantioselective addition of zinc acetylides to aldehydes under operationally 
convenient conditions 
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In related work, the use of Zn(n) salts and amino alcohols to effect asymmetric 
additions of terminal acetylenes to aldehydes has been extended to include other 
ligands and Zn(n) salts (Equation 3.33) [63]. Thus, Jiang et al. have documented 
the use of stoichiometric quantities of Zn(n) difluoromethanesulfonate salt and 
(lS,2S)-3-(tert-butyldimethylsilyloxy)-2-N,N-dimethylamino-l-(p-nitrophenyl)-pro- 
pan-l-ol (57). Both of these components are conveniently available. Difluorometha- 
nesulfonic acid is prepared in a single step from 3,3,4,4-tetrafluoro[1.2]oxathietane, 
a key monomer in the manufacture of Nafion ion-exchange resin. The amino 
alcohol is similarly readily accessible, because it has been used in the synthesis 
of chloramphenicol. This same amino alcohol ligand can also be used with 
Zn(OTf) 2 in enantioselective addition reactions (Equation 3.34) [64]. 


OH 


1.2 equiv 


'OTBDMS 


O 


H = Ph 


o 2 n' 

57 

1.1 equiv Zn(ODf) 2 


1.1 equiv NEt 3 
toluene, 25°C,2-12 h 


OH 


'Pr 


'Ph 


99% yield, 97% ee 

Equation 3-33 


OH 


1.1 equiv 


OTBDMS 


OoN' 


1.05 equiv Zn(OTf) 2 


1.1 equiv NEt 3 
toluene, 25°C, 2h 



99% yield, > 99% ee 

Equation 3-34 


A significant recent advancement in the context of these studies is the addition 
reaction of terminal acetylenes to ketones (Equation 3.35) [65]. Thus, in the pres¬ 
ence of 22 mol% 57, 30% Et 3 N, and 20 mol% Zn(OTf) 2 , the addition of a 
range of acetylenes to non-enolizable ketones, such as benzoyl formate, hetero¬ 
cyclic glyoxylates and 4,4-dimethyldihydrofuran-2,3-dione, was observed. The reac¬ 
tion was conducted at 70 °C for 2 days, after which tertiary alcohols were isolated in 
up to 93 % yields and 93 % ees. 
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11-95% yield 
73-94% ee 

Equation 3-35 


3.5 

Acetylene Additions to C=N Electrophiles 


It has been known for some time that acetylenes and amines form propargyl 
amines at elevated temperatures. It has been suggested that this reaction proceeds 
through the addition of a metalated terminal acetylene to an intermediate iminium 
generated in situ. The enamine is accessed through addition of amine across C=C 
in an anti-Markovnikov manner [66]. In 1963, investigators at Eastman Kodak 
made a substantial contribution to the advancement of this reaction process with 
the observation that CuCl catalyzes the addition of terminal acetylenes to the imi¬ 
nium derivatives generated in situ from the corresponding preformed enamines 
(Equation 3.36) [67]. Thus, at 100 °C in the presence of catalytic quantities of 
CuCl for 2-15 h, propargyl amines are formed from terminal alkynes and enam¬ 
ines in 64-89 % yields. 



0.5 mol% CuCl 
C 6 H 6 , 100 °C, 2-15 h 


NR, 


► R" 


R" R 1 

64-89% yield 


Equation 3-36 


There has recently been a resurgence in the development of methods in which 
terminal acetylenes are activated in situ under mild deprotonation conditions and 
are subsequently engaged in C=N addition reactions. This interest was rekindled 
with the discovery that terminal acetylenes undergo activation by Zn(n) and sub¬ 
sequently participate in nucleophilic additions to nitrones (Equation 3.37). Thus, 
a mixture consisting of a terminal acetylene, 10 mol % Zn(OTf) 2 , and 25 mol % 
Hiinig’s base afforded propargyl N-hydroxylamines in up to 99% yields [48]. 
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©, 


OJ© Bn 
N 


H = R' 


10 mol% Zn(OTf) 2 
25 mol% 'Pr 2 NEt 
CH 2 CI 2 , 23 °C, 1-12 h 


HO v ,Bn 
N 

R’ 

43-99% yield Equation 3-37 



Optically active N-hydroxylamines can be accessed through the use of auxiliary- 
controlled diastereoselective addition reactions of terminal acetylenes and chiral ni¬ 
trones (Scheme 3.13) [68]. Thus, nitrones 58 participate in highly diastereoselective 
additions with terminal acetylides mediated by 0.5 equiv. Zn(OTf) 2 , amine base, 
and 2-(N,N-dimethylamino)ethanol. The addition of this simple amino alcohol 
was observed to produce significant acceleration in the overall rate of addition. 
The carbohydrate-derived auxiliary 59 was developed by Vasella and is readily pre¬ 
pared in two steps (85 % overall yield) from mannose [69]. The chiral nitrones are 
easily obtained. After the nucleophilic additions, the auxiliary can be concomitantly 
cleaved and regenerated simply by heating the propargyl N-hydroxylamine adduct 
60 in an aqueous solution of N-hydroxylamine hydrochloride (Equation 3.38). The 
optically active propargyl N-hydroxylamines 61 are isolated in high overall yields. 


Me Me 

X 

o o 


R H 



Me, Me 

X 

o o 



0.5 equiv Zn(OTf) 2 
1.5 equiv NEt 3 
0.5 equiv Me 2 N v ^- 


Me Me 

o X o 


"OH 


H = R’ 
CH 2 CI 2 , 23 °C 


R: aliphatic, aromatic U p t0 99% yield 

dr 92:8 to 98:2 

Scheme 3.13 Diastereoselective addition of zinc acetylides to chiral nitrones. 




H 2 NOH-HCI 


NaOAc, MeOH/H 2 0 3:1 
50-60 °C, 1-4.5 h 


Me Me 



60 


54-99 %yield 


Equation 3-38 
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As part of an ongoing program aimed at asymmetric nitrone additions 
(Equation 3.39) [70], Vallee et al. documented the diastereoselective addition reac¬ 
tion of lithiated terminal acetylenes to nitrones. Thereafter, a procedure using sub- 
stoichiometric (20 mol%) amounts of Et 2 Zn (Equation 3.40) was developed [71]. 
The addition of a wide range of acetylenes to an equally broad range of nitrones 
under these mild reaction conditions has been documented, with the product pro- 
pargyl N-hydroxylamines isolated in up to 96% yields. The investigators have 
speculated that the process involves the formation of a EtZn-alkynylide, which un¬ 
dergoes addition to a nitrone activated by coordination to the Lewis acidic alkynyl- 
zinc species. Under these same conditions, additions to nitrones that are N-substi- 
tuted with the previously employed mannose-derived auxiliary 59, as well as with 
other chiral controlling groups 62-64, furnished adduct propargyl N-hydroxyla- 
mines over 1-72 h with 55:45 to >95:5 diastereoselectivities and in useful yields 
(Equation 3.41) [72]. 
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CL©, Bn 
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°V-NBoc 
Me 

Me 



Equation 3-39 


0 o.©r ! 

r.A h 


H = R 


0.2 eq. Et 2 Zn 

3 -► 

toluene, 20 °C 
1.5-30 h 


HC V R 


up to 96% yield Equation 3-40 
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CL®, A* 

N + 




0.2 equiv ZnEt 2 
toluene, 23°C 


R 2 


A* 

= y-k/OR 3 

or 

62: 

R 2 = Ph, R 3 = Bn 


63: 

R 2 = Ph, R 3 = Me 


64: 

R 2 = 'Pr, R 3 = Bn 




Equation 3-41 
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The studies on nitrone additions were followed up by exciting new developments 
in imine addition reactions. One of the earliest reports in this area involves the en- 
antioselective addition of phenylacetylene to N-aryl aldimines derived from aromatic 
aldehydes (Equation 3.42) [73]. The addition reactions were catalyzed by chiral bi- 
soxazoline ligands, the best being 65 . In the experiment, the 2-phenylethynyl orga- 
nocopper reagent was generated in the presence of the putative Cu(i) complex in 
aqueous medium and subsequently added to the imines. The reactions were carried 
out with 10 mol % 65 at ambient temperature over 4 days to afford adducts with up 
to 96 % ees [74]. The same investigators have also reported a high-yielding (>99 %), 
three-component coupling reaction of aldehydes, secondary amines, and terminal 
acetylenes utilizing AuCl in water (Equation 3.43) [75]. The reactions probably take 
place with transient formation of the iminium species in situ. 



RCHO 


H = R 1 


R 2 2 NH 


1 mol% AuCl 
H 2 0, 70 °C 


H 2 0: 78% yield, 96% ee 
toluene: 71% yield, 84% ee 

Equation 3-42 



75-99% yield Equation 3-43 


There have been recent reports on the use of newer activation methods for the 
generation of intermediates that undergo additions to imines. Jiang’s group has 
documented the use of ZnCl 2 and triethylamine to activate terminal acetylenes 
and subsequently to carry out additions to N-alkyl arylaldimines in the presence 
of TMSC1 as an additive (Equation 3.44) [76]. An innovative approach to the synthe¬ 
sis of propargylamines involves the generation of N-acyl aldimines 66 in situ from a- 
phenylsulfonyl N-acyl amines 67 (Equation 3.45) [77]. The reported additions were 
conducted in water at 40-50 °C with employment of phenylacetylene and 2-3 equiv. 
CuBr with sonication, and furnished propargylamine adducts in 15-72% yields. 
The same method has been employed in addition to cyclic N-acyliminium ions. Ad¬ 
ditionally, there has recently been a report on the use of Ag(i) in water for three- 
component coupling of terminal acetylenes, aldehydes, and secondary amines [78]. 
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N 



,R 1 


H = R 3 


1 equiv ZnCI 2 
1 equiv NEt 3 
1.5 equiv TMSCI 

toluene, 60 °C 



60-93% yield 


Rl ^0^N^S0 2 Ph 

O R 2 

67 


2-3 equiv CuBr 
H = R 3 


H 2 0, 40-50 °C 



66 


Equation 3-44 



Equation 3-45 


Recent investigations have re-examined the reaction first reported by the East¬ 
man Kodak group in which enamines served as precursors to iminium intermedi¬ 
ates that subsequently underwent addition by Cu-acetylides. In work by Knochel 
et al., the coupling reactions are carried out with enamines and terminal acetylenes 
in toluene at 60-80 °C in the presence of 5 mol % CuBr and 5.5 mol % of the chiral 
ligand QUINAP (68) (Equation 3.46) [79], the tertiary propargylamine products 
being isolated after 3-24 h in 50-99% yields and with 54-90% ees. A variant of 
the reaction involving three-component coupling of a secondary amine, aldehyde, 
and terminal acetylene at ambient temperature over 3-6 days under otherwise 
identical conditions has been documented, furnishing optically active propargyl- 
amines in 43-99% yields and with 32-96% ees (Equation 3.47) [80]. 




NBn 2 



83% yield, 90% ee 


Equation 3-46 
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99% yield, 92% ee 

Equation 3-47 


In the search for newer metal catalysts that effect acetylene activation and addi¬ 
tions to C=N electrophiles, simple Ir(i) complexes have been identified as highly 
promising [81]. Thus, the addition of trimethylsilylacetylene to a range of struc¬ 
turally different aldimines can be effected at ambient temperature through the 
use of 4-5 mol% of [IrCl(COD)] 2 , a commercially available and conveniently 
handled metal complex (Equation 3.48). Although only silylacetylenes can be em¬ 
ployed in the process, the terminal acetylenic products obtained upon desilylative 
workup serve as versatile building blocks. In contrast, the process displays broad 
scope with regard to the imine component, so aldimines obtained both from aro¬ 
matic and aliphatic aldehydes can be employed. Particularly noteworthy is the fact 
that the protecting group on the imine nitrogen can be varied extensively, includ¬ 
ing N-aryl (p-anisyl) and N-alkyl (benzyl, benzhydryl, allyl, butyl) moieties. More¬ 
over, the additions can be carried out neat, under solvent-free conditions 
(Scheme 3.14). As such, the reaction process displays a high degree of atom econ¬ 
omy and volumetric efficiency. Ongoing investigations in which the process can be 
executed at low (0.5 mol% Ir(i)) catalyst loadings have been documented [82]. 


n- r ' 


H—=—TMS 


4-5 mol% [lrCI(COD)] 2 
THF, 23 °C 



TMS 


R' = p-anisyl, benzyl, benzhydryl, alkyl, allyl 


Equation 3-48 
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f-Bu H 
N' Bn 
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/-Pr^H 


-Bn 


N' 

p,A 


4-5 mol% [lrCI(COD)] 2 
H = SiMe 3 
23°C 


► 



Iridium-catalyzed addition of TMS-acetylene to imines. 


Scheme 3.14 
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3.6 

Conclusion 

The utility and versatility of terminal acetylenes in C = O and C = N addition reac¬ 
tions has been appreciated for over a century. Concurrently with the birth of the 
welding industry (1901-03) and the oxyacetylene torch, key experiments were 
being carried out on the use of acetylene and its higher homologues in syntheti¬ 
cally important transformations. The increasing demands on synthetic chemistry 
vis a vis the environment and economics constantly raises the standards that 
synthetically useful reactions must meet. These socioeconomic pressures are per¬ 
vasive throughout science and are not likely to diminish. The focus on acetylene 
in catalytic and stoichiometric asymmetric synthesis is therefore to be expected 
and welcome. The inherent ability of terminal acetylenes to undergo metalation 
under mild, controlled conditions compatible with a host of electrophilic reaction 
partners makes this functional group an alluring target for researchers. Moreover, 
the enormous range of reaction chemistry available to the adducts, such as the pro- 
pargyl amines and alcohols discussed in this chapter, make investigations into its 
chemistry a wholly worthwhile venture. The evolution of the chemistry of metal 
acetylides has been impressive and incorporates not only the discovery of new li¬ 
gands and new reinvestigations of previously documented but under-appreciated 
species, but also innovation and the discovery of metalation conditions involving 
new coordination complexes and associated ligands. Both approaches open up 
new avenues for synthetic chemistry. Additional advances can be anticipated and 
will be exciting to witness. 


3.7 

Experimental Procedures 

This section presents a selection of general procedures for the alkynylation of alde¬ 
hydes, ketones, nitrones, and imines. 

3 . 7.1 

General Procedure for the Enantioselective Alkynylation of Aldehydes by the use of 
Stoichiometric Amounts of Zn(OTf)2 
(Equation 3.24) [ 52 ] 

A 10 mL Schlenk flask was charged with Zn(OTf) 2 (0.200 g, 0.550 mmol, 1.1 equiv.) 
and (+)-N-methylephedrine (0.108 g, 0.600 mmol, 1.2 equiv.) and was purged with 
nitrogen for 15 min. Toluene (1.5 mL) and triethylamine (61.0 mg, 0.600 mmol, 
1.2 equiv.) were added. The resulting mixture was stirred at 23 °C for 2 h, after 
which the alkyne (0.600 mmol, 1.2 equiv.) was added in one portion by syringe. 
After 15 min the aldehyde (0.500 mmol, 1.0 equiv.) was also added in one portion 
by syringe. The reaction mixture was stirred at 23 °C until full conversion was 
observed by TLC. The reaction mixture was quenched by addition of NH 4 C1 
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(sat.) (3 mL) and then poured into a separating funnel containing diethyl ether 
(10 mL). The layers were separated and the aqueous layer was extracted with 
diethyl ether (3 X 10 mL). The combined organic layers were washed with NaCl 
(sat.) (10 mL), dried over anhydrous Na 2 S0 4 , filtered, and concentrated in vacuo. 
Purification of the crude product by flash chromatography on silica gel afforded 
the pure secondary alcohol. 

3.7.2 

General Procedure for the Zn(OTf) 2 -Catalyzed Enantioselective Alkynylation of 
Aldehydes (Equation 3.30) [60] 

A 10 mL Schlenk flask was charged with Zn(OTf) 2 (36 mg, 0.10 mmol, 20 mol%) 
and was then heated to 125 °C under vacuum (< 0.5 mbar) for 2 h. After the sys¬ 
tem had been allowed to cool to 23 °C, (+)-N-methylephedrine (20 mg, 0.11 mmol, 
22 mol%) was added under nitrogen. The flask was evacuated (< 0.5 mbar) for 30 
min, and was then purged with nitrogen prior to addition of toluene (0.50 mL) and 
triethylamine (25 mg, 0.25 mmol, 50 mol %) by syringe. The resulting mixture was 
stirred for 2 h at 23 °C, after which the alkyne (0.60 mmol, 1.2 equiv.) was added. 
After the mixture had been stirred for 15 min at 23 °C, the aldehyde (0.50 mmol, 
1.0 equiv.) was added in one portion, and the mixture was then stirred at 60 °C 
until full conversion was observed by TLC. The reaction mixture was quenched 
with NH 4 C1 (sat.) (3 mL) and then poured into a separating funnel containing 
diethyl ether (10 mL). The layers were separated, and the aqueous layer was ex¬ 
tracted with diethyl ether (3 X 10 mL). The combined organic layers were washed 
with NaCl (sat.) (10 mL), dried over anhydrous Na 2 S0 4 , filtered, and concentrated 
in vacuo. Purification of the crude product by flash chromatography on silica gel 
afforded the pure secondary alcohol. 

3.7.3 

General Procedure for the Enantioselective Alkynylation of Ketones Catalyzed by 
Zn(salen) Complexes (Equation 3.19) [46] 

A flask was charged with Me 2 Zn (2 m in toluene, 1.5 mL, 3.0 mmol, 3.0 equiv.), 
phenylacetylene (0.31 g, 3.0 mmol, 3.0 equiv.), and toluene (1.0 mL), and the result¬ 
ing solution was stirred at 23 °C for 1 h. (R,R)-Salen (0.20 mmol, 20 mol%) was 
added, and the resulting yellow solution was stirred at 23 °C for 1 h before addition 
of the ketone (1.0 mmol, 1.0 equiv.). The resulting mixture was stirred at 23 °C for 
48-96 h, and was then quenched by the addition of water (5 mL). The reaction 
mixture was diluted with diethyl ether, stirred for 5 min, and then filtered through 
celite. The layers were separated, and the aqueous phase was extracted with diethyl 
ether (3X3 mL). The combined organic layers were dried over Na 2 S0 4 , filtered, 
and concentrated in vacuo. Purification of the crude product by flash chromatogra¬ 
phy on deactivated silica gel (Si0 2 was deactivated by addition of Et 3 N (1 % vol) to 
the eluent during the preparation of the column) afforded the pure tertiary alcohol. 
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3 . 7.4 

General Procedure for the Zn(OTf) 2 -Catalyzed Diastereoselective Alkynylation of 
N-Glycosyl Nitrones (Scheme 3.13) [68] 

A 10 mL Schlenk flask was charged with Zn(OTf) 2 (91 mg, 0.25 mmol, 50 mol%) 
and heated with a heat gun for 3 min. The flask was allowed to cool to 23 °C and 
was then purged with dry nitrogen. Dichloromethane (1.0 mL), triethylamine 
(76 mg, 0.75 mmol, 1.5 equiv.), and 2-N,N-dimethylaminoethanol (22 mg, 

0.25 mmol, 50 mol%) were added. The resulting mixture was stirred at 23 °C 
for 1.5 h, after which the alkyne (0.75 mmol, 1.5 equiv.) was added. After 30 
min, the nitrone (0.50 mmol, 1.0 equiv.) in dichloromethane (0.50 mL) was 
added in one portion by syringe. After full conversion was observed by TLC, the 
system was quenched with NH 4 C1 (sat.) (3.0 mL) and then poured into a separating 
funnel containing dichloromethane (20 mL). The layers were separated, and the 
aqueous layer was extracted with dichloromethane (3 X 20 mL). The combined or¬ 
ganic layers were washed with NaCl (sat.) (10 mL), dried over anhydrous MgS0 4 , 
and concentrated in vacuo. Purification of the crude product by flash chromatogra¬ 
phy on silica gel afforded the pure propargyl N-hydroxylamine. 

3 . 7.5 

General Procedure for the Et 2 Zn-Catalyzed Diastereoselective Alkynylation of 
Chiral Nitrones (Equation 3.41) [72] 

A solution of diethylzinc in hexane (1.0 m, 0.10 mL, 0.10 mmol) was added to a 
solution of nitrone (0.50 mmol, 1.0 equiv.) and alkyne (0.65 mmol, 1.3 equiv.) in 
dry toluene (2 mL). The reaction mixture was stirred at 23 °C until full conversion 
was observed by TLC, quenched by addition of NaHC0 3 (sat.) (4 mL), and extracted 
with diethyl ether (2 X 10 mL). The combined organic layers were washed with 
NaCl (sat.) (3 X 15 mL), dried over anhydrous MgS0 4 , filtered, and concentrated 
in vacuo. Purification of the crude product by flash chromatography on silica gel 
afforded the pure propargyl N-hydroxylamine. 

3 . 7.6 

General Procedure for the CuBr-Catalyzed Enantioselective Preparation of 
Propargylamines (Equation 3.47) [80] 

CuBr (3.6 mg, 25 pmol, 5.0 mol%) and (R)-Quinap (12 mg, 27 pmol, 5.5 mol%) 
were suspended in dry toluene (2 mL) in a dry and argon-flushed 10 mL flask, 
fitted with a magnetic stirrer and a septum, and the system was stirred for 
30 min. MS (4A, 0.30 g) and n-decane (30 mg) were added, followed by the alkyne 
(0.50 mmol, 1.0 equiv.), the aldehyde (0.50 mmol, 1.0 equiv.), and the secondary 
amine (0.50 mmol, 1.0 equiv.). The reaction mixture was stirred at 23 °C until 
GC analysis showed full conversion. The suspension was filtered, and the solid 
was washed with diethyl ether. The filtrate was concentrated in vacuo and purified 
by column chromatography on silica gel to afford the pure propargylamine. 
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3.7.7 

General Procedure for the [lrCI(COD)] 2 -Catalyzed Alkynylation of Imines 
(Equation 3.48) [81] 

A 10 mL Schlenk flask was charged under argon with [IrCl(COD)] 2 (16.8 mg, 
25.0 gmol, 5 mol%), imine (0.500 mmol, 1.0 equiv.), trimethylsilylacetylene 
(73.7 mg, 0.750 mmol, 1.5 equiv.), and THF (2.5 mL). The reaction mixture was 
stirred at 23 °C for 24 h and was then quenched by addition of water (3 mL). 
The layers were separated, and the aqueous layer was extracted with dichloro- 
methane (3 X 10 mL). The combined organic layers were washed with NaCl 
(sat.) (10 mL), dried over Na 2 S0 4 , filtered, and concentrated in vacuo. Purification 
of the crude product by flash chromatography on silica gel afforded the pure pro- 
pargylamine. 
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Transition Metal Acetylides 


Uwe Rosenthal 

Dedicated to Prof. Dr. mult. Gunther Wilke on the occasion of his 8(f h birthday 


4.1 

Introduction 


Acetylides are compounds containing an MC=CR substructure 1 * (M = complex frag¬ 
ment, R = H, alkyl, aryl, etc.) 2 * and may also be termed alkynyl complexes (the 
shorter name acetylide, in principle correct only for the unsubstituted case 
MC=CH, has been preferred here). The chemistry of transition metal acetylides 
developed very rapidly between Nasfs first review (based on 200 papers) in 1982 
[la] and 2003, when the last review [1] of this topic (based on 10000 papers) was 
published by Long and Williams [lk]. One explanation for this could be that acet¬ 
ylides, metal acetylides in particular, are a fascinating group of compounds for syn¬ 
thetic (organometallic, inorganic, and organic), theoretical, and physical chemistry 
with great technological potential in materials science (technical chemistry). These 
overlapping interests of many researchers are not restricted to classical areas of 
chemistry, but also extend into physics and technology. 

This great wealth and the rapid growth of this field prevents a comprehensive 
review. It is therefore the intention here, after a very short and more general con¬ 
sideration, to highlight the chemistry of transition metal acetylides by presenting 
examples of recent investigations in the metallocene chemistry of titanium and zir¬ 
conium [2]. Other special aspects, such as cluster chemistry, applications of metal 
acetylides in organic syntheses, and 7t-bonded acetylides, are mostly excluded here. 


1) Brackets [ ] have been used only for isolated 
complexes, not for complex fragments, sub¬ 
structures and structural formulas. Addition¬ 
ally, complexes that were not isolated or were 
only assumed have been indicated by “ 


2) The following abbreviations are used: 

M: complex fragment; X: halogenide; R = H, 
alkyl, aryl; Me: methyl; Ph: phenyl; tBu: ter¬ 
tiary butyl; BTMSA: bis(trimethylsilyl)acety¬ 
lene; Y: bridging group; Cp: cyclopentadienyl; 
Cp': differently substituted cyclopentadienyl; 
Cp*: pentamethylcyclopentadienyl; ebthi: 
ethylene-bis-tetrahydroindenyl, Solv.: solvate 
molecules. 


Acetylene Chemistry. Chemistry, Biology and Material Science. Edited by F. Diederich, P. J. Stang, R. R. Tykwinski 
Copyright © 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 
ISBN 3-527-30781-8 
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For more information regarding these and other details of metal acetylide chemis¬ 
try, some very nice reviews exist in the references cited in [1], 


4.2 

General Comments 

The simplest carbon molecule C 2 , as a small part of the linear polyynes [-(C=C)„-], 
is extremely reactive and has only been characterized by spectroscopic methods. Its 
chemistry has been limited to its generation in a carbon arc and condensation of its 
vapor at low temperatures [1], 

The C 2 unit can, however, be stabilized by end-capping of both ends, with forma¬ 
tion of various organic acetylenes: HC=CH, HC=CR, and RC=CR. A further 
alternative is the use of one or two M moieties to produce the mono-acetylides 
MC=CH or MC=CR, or the bis-acetylides MC=CM. 

[C=C] 


MC=CH HC=CH MC=CM 

RC=CH RC=CM RC=CR 

Scheme 4.1 

M(C=C) n H R(C=C) n M M(C=C) n M Stabilization of C 2 by end-capping. 

For this basic set in the series of metal acetylides, depending on the different 
numbers n of C 2 units, there are many further combinations, such as 
M(C=C)„H, M(C=C)„R, and M(C=C)„M. For the mono-acetylides, the number 
of acetylide ligands can also be larger than one, with compounds M[(C=C) n H] m 
or M[(C=C)„R] m being formed. Sometimes the polyyne chain contains bridging 
groups that, depending on Y and n, may form different linear, non-linear, or 
branched species such as Y[(C=C)„M] m . There are many possible combinations 
and other complicated examples of such compounds, but the smallest subunits 
MC^CH, MC=CR, and MC=CM are very useful as a basis through which to un¬ 
derstand the higher derivatives. An excellent overview of examples of these com¬ 
pounds is provided in two recent contributions by Low and Bruce [11, lm], 

4.2.1 

Structure and Bonding 

Transition metal acetylides can be viewed as complexes of the ligand [RC=C]“, 
which is isoelectronic with the cyanide ion [C=N]“; both are regarded as pseudoha¬ 
lides because of the many similarities in the chemical and physical behavior of the 
corresponding compounds. This is the reason why transition metal acetylides are 
often viewed as classical coordination compounds rather than as organometallics. 
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The acetylides are good a- and n-donor and poor ir-acceptor ligands. Acetylides 
M —C=CR, aryl compounds M-Ar, and alkenyl (vinyl) derivatives M—CH = CH 2 
have ligands located, in terms of bonding, between the pure a-donor (alkyl M-R) 
and the o-donor/Ti-acceptor ligands (CO, RNC, R 3 P, etc.). In principle, the acety¬ 
lides have free tt* orbitals that can interact with filled metal d orbitals, but such 
interaction seems to be weak. A detailed description of the bonding in metal ace¬ 
tylides based on MO calculations, photoelectron and electronic spectra, X-ray data, 
and vibrational spectroscopic results has been summarized in a broad review by 
Manna, John, and Hopkins [Id], in which the metal acetylide interaction is dis¬ 
cussed in comparison with other ligands on the basis of carefully collected data 
for many examples. These results indicate significant overlap of the filled metal 
d orbitals and the filled tt system of the acetylide. The energy difference between 
the HOMO metal d orbitals and the LUMO tt* acetylide orbitals is too large for 
Ti-accepting behavior, which appears only to be possible if strong rr-acceptor substi¬ 
tuents are conjugated with the acetylide unit [lk]. Nevertheless, there remain some 
open questions regarding interpretation of structural data for some compounds. 
The M —C bond lengths in M-R, M—CH = CH 2 , and M-Ar are nearly identical 
in some examples, indicating less important tt bonding between M and C. In 
the case of strong back-bonding of acetylides M(dTr)—»C(pTi*), larger d(C—C) 
bond lengths are expected than are in fact found. On the other hand, the polarity 
of the M—C bond also has an influence [1]. 

4.2.2 

Syntheses 

There are some “classical” [1], as well as some more “special” [3], routes to transi¬ 
tion metal acetylides, which have been used depending on the different characters 
of the metals, the alkynes, and the products, mostly on the basis of oxidative addi¬ 
tion or nucleophilic substitution. 

In the first group (Scheme 4.2), the traditional method most widely used is treat¬ 
ment of metal halides with an anionic alkynyl reagent such as alkali metal or mag¬ 
nesium acetylides by salt elimination. Oxidative addition of 1-alkynes or haloacety- 
lenes to metal complexes is another important method. Alternatively, dehydrohalo- 
genation is a direct method starting from metal halides and reactive acetylenes pos¬ 
sessing electron-withdrawing substituents. Cu(i) has often been used for this reac¬ 
tion, as well as for oxidative coupling and acetylide metathesis. In comparison with 
these terminal alkyne approaches, the trimethylstannyl method with corresponding 
trimethylstannyl alkynes often gives higher reactivity and cleaner products. With 
transition metal methyl complexes, acetylenes give the corresponding acetylides 
after elimination of methane. The driving force for this reaction is the higher acidity 
of acetylenes than of methane. The often more strongly coordinating terminal al¬ 
kynes also form, by elimination of H 2 or N 2 , such Ti-complexes that can give acetylide 
hydrides or vinylidene complexes by oxidative addition. Subsequent abstraction of 
hydrogen from vinylidenes can also afford acetylides. In the alkynyliodonium method, 
triflates are versatile reagents for the synthesis of acetylides in which “Umpolung” of 
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Salt Elimination 

MX + M’C=CR -- MC=CR 

- M'X 


Oxidative Addition 

M + XC=CR -- M(X)C=CR 


Dehydrohalogenation 
MX + HC=CR 


Base 

-- MC=CR 

- HX 


Oxidative Coupling 
MC^=CH + HC=CR 

Acetylide Methathesis 
M(^=CH + HC=CR 


- h 2 


MC=C-C=CR 


- HC=CH 


MC=CR 


Trimethyistannyl Method 
MCI + Me 3 SnC^CR 

Elimination (CH 4 H 2 N 2 ) 

MCH 3 + HC=CR 


- Me 3 SnCI 


MC=CR 


-CH 4 


MC=CR 


Alkynyliodonium triflate Method 

MX + RC=CI®Ph 0 OSO 2 CF 3 -—-- [MC=CR]®[0S0 2 CF 3 ] Q X 

Scheme 4.2 “Classical” methods for the synthesis of acetylides. 

the normal alkyne reactivity from RC=CT to RC=C + has been found, with the transi¬ 
tion metal acting as a nucleophile and the iodonium compound as an electrophile. 

In addition to these methods, there are also some more special examples for the 
synthesis of transition metal acetylides (Scheme 4.3). 

Cyclic organometallic compounds containing two transition metal-carbon a- 
bonds can give acetylides from terminal acetylenes in a protolysis reaction without 
the alkane elimination described above. Dimethylphosphonium bis-methylide 
complexes, as inner-phosphonium-ote complexes, for example, add terminal acety¬ 
lenes with formation of acetylide-ylide complexes [3a]. Metallacyclopropenes (cano¬ 
nical formula of metal n-alkyne complexes) 3 * can also add terminal acetylenes to 


3) Titanocene and zirconocene complexes of 
BTMSA can be described by the canonical 


formulas of 7t-complexes and metallacyclopro¬ 
penes; both have been used in this article. 
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Protolysis 
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SiMe 3 
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Me 3 Si 
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SiMe 3 


Substitution and Oxidative Addition 
Insertion 

^SiMe 3 
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+ 2 HC=CR 


SiMe, 


-BTMSA 


/ 

K ''d 


Stannyl Elimination 
^SiMe 3 




m: 
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Me 3 SnC=CSnMe 




3 -BTMSA 
[Me 3 Sn.] 


SiMe 3 


0.5 [MC^CSnMe 3 ] 2 


Single Bond Cleavage (C-C, C-Si) 
,.SiMe 3 


m: 


< 


<r 


+ RC^C—C=CR 


SiMe, 


-BTMSA 


0.5 [MC=CR] 2 
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+ RC=CPh 


m: 


< 






Ph 


R 


R = Ph, SiMe 3 


Scheme 4.3 “Special" methods for the synthesis of acetylides. 












144 | 4 Transition Metal Acetyl ides 

yield acetylide-alkylidene compounds [3b]. In both cases, the acetylene hydrogen 
atom remains in the opened former cyclic ligand. 

In contrast to this protolysis reaction, metallacyclopropenes also display some 
substitution reactions of the bis(trimethylsilyl)acetylene (BTMSA) followed by oxida¬ 
tive addition. Terminal alkynes HC=CR can yield another type of acetylide-alkenyl 
complex, via the formed M(H)(C=CR) and insertion of a second terminal acetylene 
into the metal hydrogen bond [3c]. 

This reaction differs from that with stannyl-acetylenes, in which the bis(tri- 
methylsilyl) acetylene is also initially substituted, but after oxidative addition of 
Me 3 SnC=CSnMe 3 , via M(SnMe 3 )(C=CSnMe 3 ), a stannyl elimination subsequently 
occurs, giving Me 3 Sn radicals and a,7i-acetylide-bridged dinuclear complexes 
[M(C=CSnMe 3 )] 2 [3d], 

The same type of complex is obtained if metallacyclopropenes react with 1,3 -bu- 
tadiynes with substitution of the silylalkyne and subsequent oxidative addition with 
cleavage of the central C — C single bond of the diyne [2]. C—C single bond cleavage has 
also been observed for alkynes such as tolan PhC=CPh, to acetylide-phenyl com¬ 
plexes [3e]. This reaction is reversible, and was found also for the Si—C bond in 
alkynylsilanes such as Me 3 SiC=CPh and Me 3 SiC=C—C=CSiMe 3 [3f]. This type 
of reactions is relevant for the dynamics discussed below (see Section 4.4.2). 

4.2.3 

Reactions 

Acetylenes are more acidic than alkanes, alkenes, or arenes, and the corresponding 
metal a-acetylide bond M—C=CR seems to be less reactive than is found for alkyl 
(M-R), alkenyl (M—CH = CH 2 ), and aryl (M-Ar) derivatives. Nevertheless, acetylides 
are frequently explosive, a consequence of instability not of the M—C bond, but of 
the energy-rich C=C bond. The stability of transition metal acetylides seems to 
decrease in the order R = Ar > H > alkyl. In principle, acetylides can give all 
the typical reactions ( acidolyses, insertions) of other transition metal carbon bonds 
(Scheme 4.4). Additionally, they also show the special reactivity of the triple 
bond (complexation). One important feature of the acetylides is their strong ten¬ 
dency to enter into Tt-complexation to form dinuclear complexes and clusters in 
which the acetylides have many different bridging functions. Selected examples 
of compounds of this type are discussed in Section 4.4. Often these di- or polynuc¬ 
lear acetylides are more stable than the monomeric species. 

One important point in respect of the topomerization of alkynes, discussed 
below (Section 4.4.3), is that transition metal acetylides represent very useful start¬ 
ing materials from which to obtain higher carbenes M=C(=C)„=CR 2 [If, lg, 11, 
lm, 4]. In reactions with electrophiles, the acetylides can form vinylidenes 
M=C=CHR and M=C = CR 2 [4a-c]. Similar products M = C=CHR are also formed 
if H is present in the coordination sphere of the metal (see also Section 4.4.3) [4d]. 
In coupling reactions, C-ligands instead of H are coupled with acetylides; depending 
on the reaction conditions either ene-yne complexes (see also Section 4.3.5.1.5) or 
acetylide-substituted carbene complexes are formed [4e]. After protonation, elimina- 



Hydrolysis 

MC^=CR + H 2 0 

Insertion 

MC=CR + RC=CR - 

Complexation 

MC^=CR + M' - 

Reaction with Electrophiles 

R © 

MC^=CR - 

Rearrangement 

(H-)MC=CR - 
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MOH + HC^=CR 


MCR=CR-C^=CR 



© 

M=C=CR 2 


M=C=CHR 


Coupling Reactions 


(RHC=CH-) MC^=CR 


(RHC=C=)MC=CR 


Elimination of Water 


H + 


M— 


C \ / F 

>=< 


M-' 




•C—H 


\ 


\ 


mc=ccr 2 oh 


© 

M—C^=CCR 2 


[M=C=CHCR 2 OH]® 

- h 2 o 

©1 

M-C— C— CR 2 ] 


Scheme 4.4 Reactions of acetylides. 
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tion of water from MC=CCR 2 OH (via [M = C=CH—CR 2 OH] + ) is the best method to 
obtain allenylidenes [M=C = C=CR 2 ] + , complexes best described by the acetylenic 
canonical formula [MC=CCR 2 ] + [4f-h]. 


4.3 

Titanocene- and Zirconocene-Acetylides 

There exist so many titanocene- and zirconocene-acetylides that only compounds of 
the types [Cp' 2 M(a-C=CR)J and [Cp' 2 M(a-C=CR) 2 ] with M = Ti, Zr and Cp'= Cp, 
Cp* are discussed here. No complexes with partially substituted Cp ligands or het- 
erobimetallic combinations of these with other metals are considered here; exam¬ 
ples of the latter can be found in the cited reviews [1]. Compounds of this type with 
M = Ti and Zr in the oxidation states +3 and +4 are important for stoichiometric 
and catalytic C—C single bond coupling and cleavage reactions [2], 


4.3.1 

MC = CR 


4.3.1.1 Mono-o-acetylides (Cp 2 M(a-C=CR)] 

To the best of our knowledge, complexes of the type [Cp 2 M(a-C=CR)] do not exist 
as stable monomeric compounds for M = Ti and Zr, due to their strong tendency to 
dimerize. In the reaction between [Cp 2 TiCl] 2 and NaC^CPh, the product formed 
was not the expected monomeric [Cp 2 TiC=CPh] but rather the binuclear 
[Cp 2 Ti] 2 [g-r| 2 (l,3),r| 2 (2,4)PhC 2 C 2 Ph] (l), 4 * with a bridging butadiyne ligand (see 
Section 4.3.5.1 and Scheme 4.5) [5a]. 



Scheme 4.5 Stabilization of [Cp 2 TiC=CR], 


Another type of stabilization was found for the assumed, but not isolated, inter¬ 
mediate [Cp 2 TiC=CSiMe 3 ], which gives the a,jr-acetylide-bridged Ti(in) complex 
[Cp 2 Ti(p-a,7r-C=CSiMe 3 )] 2 (2) without any C—C coupling between the metal centers 
[5b, 5e]. 

4) In the numbering system used in this article pounds, sometimes with different metals M, 

the given number mostly refers not to a single ligands Cp' and substituents R. 

complex, but to a group of isostructural com- 
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Many doubly 0,7t-acetylide-bridged Zr(m) complexes [Cp 2 Zr((i-a,7r-C=CR)] 2 (3) 
exist, generated either by salt elimination [6a-e] or by reactions of “Cp 2 Zr” with 
different butadiynes RC=C—C=CR through C—C single bond cleavage (see 
Section 4.3.5.1) (Scheme 4.6) [6f-h]. 



Scheme 4.6 Formation of [Cp 2 ZrC=CR] 2 . 3 


+2 "Cp 2 Zr" 


R—=-=—R 


Heterobimetallic Ti,Zr combinations have been produced in the forms of [Cp 2 Ti 
(p-a,7i-C=CR) 2 ZrCp 2 ] for R = *Bu [6i] (see Scheme 4.20, below) and also Me 3 Si [6j]. 

Early-late Ni,Ti- and Ni,Zr-heterobimetallics such as [Cp 2 M(|ii-a,7r-C=CR)Ni 
(PPh 3 )(p-a,7T-C=CSiMe 3 )] also exist, consisting formally of a metallocene(m)- 
mono-a-acetylide [Cp 2 M(o-C=CSiMe 3 )], stabilized by [(Ph 3 P)Ni(a-C=CSiMe 3 )] 
(Section 4.3.5.1) [6k]. 

Nevertheless, the monomeric metallocene(m)-mono-a-acetylides [Cp 2 M 
(a-C=CR)] are very important intermediates, in particular in the case of M = Ti, 
for many stoichiometric and catalytic reactions (see Section 4.3.5). 


4.3.1.2 Mono-o-acetylides [Cp* 2 M(a-C = CR)] 

Monomeric complexes [Cp' 2 M(o-C=CR)] with Cp' = Cp* are more stable than ex¬ 
amples in which Cp' = Cp, but there are nevertheless only two examples of such 
monomeric species. The first is [Cp* 2 TiC=CMe], obtained without structural char¬ 
acterization by treatment of [Cp* 2 TiCl] with LiC=CMe [7a]. If [Cp* 2 TiCl] was treated 
with LiC=C*Bu, [Cp* 2 TiC=C‘Bu] (4) was formed, but only in n -hexane (Scheme 4.7). 
The compound was characterized by X-ray crystal structure diffraction [7b]. 


+ Li— -— ‘Bu 

, n-hexane , 

Cp * 2 Ti CI -► Cp * 2 Ti— ^ 1 B u 

J -LiCI 1 

4 


[Cp* 2 MCI 2 ] 



5 Cp' = Cp, Cp* 

Scheme 4.7 Synthesis of [Cp* 2 TiC=C*Bu] and [Cp' 2 M(C=CR) 2 ]. 
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Analogous zirconocene(in)-mono-a-acetylides [Cp* 2 Zr( 0 -C=CR)] are currently 
unknown. There are practically no data about monomeric or dimeric complexes 
of this type. 

4.3.2 

M(C=CR) 2 

4.3.2.1 Bis-a-acetylides [Cp 2 M(a-C = CR) 2 ] 

Such complexes have been well known in the literature for quite a long time, being 
the most typical examples of group 4 metallocene o-acetylides and summarized in 
many reviews [1]. A series of outstanding contributions to this field came from 
Erker’s group [6a-e]. The compounds were typically prepared by lithium salt elim¬ 
ination, starting from the dihalides [Cp 2 MX 2 ] and the corresponding lithium ace- 
tylides LiC=CR [1]. These complexes are mostly very stable and were often used 
by Lang and others to produce tweezer-like organometallic molecules capable of 
coordinating many different salts, organometallics, alkali metals, and so on [lc, 
le, li, lj]. 

One special case is the less stable Ti(iv) complex [Cp 2 Ti(o-C=CSiMe 3 ) 2 ] 
[5b], which was firstly assumed [5c, 5d], but this complex was in fact the doubly 
o,7i-acetylide-bridged Ti(m) complex [Cp 2 Ti(p-a,7T-C=CSiMe 3 )] 2 (2) mentioned 
above (Scheme 4.5), formed by reductive elimination of the butadiyne 
Me 3 SiC=C—C=CSiMe 3 (see Scheme 4.15 below) [5b, 5e, 5f[. The Zr(iv) complex 
[Cp 2 Zr(a-C=CSiMe 3 ) 2 ] [5c] also reacts in the same manner to form the doubly 
o,7i-acetylide-bridged Zr(ni) complex [Cp 2 Zr(p-a,7i-C=CSiMe 3 )] 2 [6f-h]. 


4.3.2.2 Bis-a-acetylides [Cp* 2 M(a-C = CR) 2 ] 

Complexes [Cp* 2 M(a-C=CR) 2 ] (5) are relatively rare in relation to the unsubsti¬ 
tuted Cp examples discussed above. They have been prepared in the same manner 
from the dichlorides Cp* 2 MCl 2 and the corresponding lithium acetylides LiC=CR 
for M = Ti and R = ‘Bu [8a], SiMe 3 [8b], and Ph [7b], and also for M = Zr and R = *Bu 
[7b], SiMe 3 [8c], and Ph [8c, 8d[. These complexes are very stable and have also been 
used as tweezer-like organometallic molecules. 

4.3.3 

M(C=CR) 3 

The small volume of the acetylide group makes it possible for more than two ace¬ 
tylides to be coordinated to one metal atom [la]. One interesting question involves 
the existence of Zr(iv) tris-a-acetylide ate-complexes [Cp 2 Zr(a-C=CPh)] 3 [Li(Solv.)] 
[9a], assumed as products from the reaction between [Cp 2 ZrCl 2 ] and three equi¬ 
valents of lithium acetylide LiC=CPh, via the zirconocene(iv) bis-o-acetylide 
[Cp 2 Zr(a-C=CR) 2 ]. The ate complexes give isolated q 2 -diyne-zirconate complexes 
[Cp 2 Zr(o-C=CPh)(r| 2 -l,2-PhC 2 —C=CPh][Li(Solv.)] [9b] (see Scheme 4.18 below) 
and, after hydrolysis, Z-conjugated enynes [9a]. 
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4.3.4 

Products of [Cp 2 M(n 2 -RC 2 R)] and [Cp* 2 M(ii 2 -RC 2 R)J with Acetylenes 

The well defined bis(trimethylsilyl)acetylene complexes of the type [Cp 2 M(L) 
(r| 2 -Me 3 SiC 2 SiMe 3 )] (M = Ti, without L; M = Zr, L = THF or pyridine), as well as 
the pentamethylcyclopentadienyl complexes [Cp* 2 M(r| 2 -Me 3 SiC 2 SiMe 3 )] (M = Ti, 

Zr) and the complexes [rac-(ebthi)M(r| 2 -Me 3 SiC 2 SiMe 3 )] (M = Ti, Zr) were found 
to be excellent starting materials from which to obtain not only the titanocene 
and zirconocene acetylides described above but also some other compounds pos¬ 
sessing the acetylide ligand together with different alkenyl groups, bis-acetylides, 
diacetylides, and some other very special complexes [2c]. 


4.3.4.1 RHC=CH-MC = CR and RHC=CR-MC = CR 

Monosubstituted acetylenes RC=CH (R = Ph, Me 3 Si, Me(CH 2 ) 3 , Me(CH 2 ) 9 ) react 
with [Cp* 2 Ti(r| 2 -Me 3 SiC 2 SiMe 3 )] (6) to form permethyltitanocene-l-alkenyl-acety- 
lides (7) (Schemes 4.3 and 4.8) [3c]. 




Scheme 4.8 Formation of (RHC=CH) MC=CR and (RHC=CR)MC=CR. 


The formation steps for such complexes are substitution of Me 3 SiC=CSiMe 3 by 
RC=CH to form [Cp* 2 Ti(ri 2 -RC 2 H)], oxidative addition to give “[Cp* 2 Ti(H) 
(C=CR)]”, and the subsequent insertion of a further RC=CH to provide 
[Cp* 2 Ti(a-(E) - CH = CHR) (a-C=CR)] (7). 

2-Pyridyl—C=CH, on treatment with [rac-(ebthi)Zr(q 2 -Me 3 SiC 2 SiMe 3 )] (8), gave 
another 1-alkenyl-acetylide, [rac-(ebthi)Zr[o-(E) — C(SiMe 3 ) = CH(SiMe 3 )](a-C=C-2- 
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pyridyl)] (9), stabilized by an agostic interaction, without substitution of the bis(tri- 
methylsilyl)acetylene (Schemes 4.3 and 4.8) [3b]. 


4.34.2 MC = CM 

Depending on the metals used, compounds possessing the C 2 2- group in the 
jLi-r) 1 :r) 2 bridging mode can exist in the electronic structures M—C=C—M, 
M=C=C=M, and M=C—C=M with central triple, double, or single bonds (see 
Scheme 4.27 below). The last of these, M=C—C=M, can be regarded as the isolo- 
bal inorganic counterpart of 1,3-butadiynes RC=C—C=CR. Examples with titano- 
cene and zirconocene are very rare, but Binger and co-workers have described com¬ 
plexes such as [Cp 2 Ti(Me 3 P)] 2 (g—C 2 ) with a Ti=C=C=Ti structure [10a] and 
[Cp 2 Zr(CPh=CMePh)] 2 (p—C=C) [10b], while Norton et al. have reported the corre¬ 
sponding complex {[Cp 2 Zr(NH f Bu)] 2 (|i—C=C)} [10c]. 

Treatment of [Cp 2 Zr(THF)(r| 2 -Me 3 SiC 2 SiMe 3 )] ( 10 ) with unsubstituted acetylene 
gave (besides coupling to a zirconacyclopentadiene) small amounts of a dinuclear 
complex with a bridging diacetylide group and agostic 1-alkenyl ligands 
{Cp 2 Zr[C(SiMe 3 ) = CH(SiMe 3 )]} 2 [p-a(l,2) —C=C] ( 11 ) (Scheme 4.9) [3c]. 


2 Cp 2 Zr- 
THF 


SiMe, 

/ 

\ 

SiMe 3 


10 

Scheme 4.9 Formation of MC=CM. 



4.34.3 MC = C-C=CM 

Similarly to the C 2 2- group described above, compounds with the C 4 2- group in the 
bridging mode can also exist in the electronic structures M—C=C—C=C—M, 
M=C=C=C = C=M, and M=C—C=C—C=M (i. e., as diynediyls, cumulenes, or 
dicarbynes). For titanocene and zirconocene diynediyls with the structural sub¬ 
group MC=C—C=CM have been obtained by starting from RC=C—C=C — 
C=C — C=CR with R = Me 3 Si for titanocene and zirconocene, but in the case of 
R = ‘Bu only for zirconocene, giving a double C—C single bond cleavage and the 
formation of complexes of type 12 on treatment with four equivalents of the 
metallocene (Scheme 4.10) [11]. 
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R = Me 3 Si, M = Ti, Zr 

Scheme 4.10 Formation of MC=C—C=CM. R = t Bll, M = Zr 


4.3.4.4 Bridged Compounds Y(C=CM) 3 

The same type of reaction has been found if the butadiyne moieties are separated 
by a bridging group Y such as C 6 H 3 . Tris-butadiynyl-benzenes such as the 1,3,5 - 
(RC=C—C=C) 3 C s H 3 derivative, on treatment with six equivalents of zirconocene, 
give the triply C—C-cleaved product 13 with the Y(C=CM) 3 structural element 
(Scheme 4.11) [12], 



Scheme 4.11 Formation of [Y(C = CM) 3 j. 


13 R = 'Bu 


4.3.5 

Reactions 

Typical of titanocene and zirconocene acetylides are complexation of the triple bond 
to other metals, insertion reactions of the acetylide ligand, and C— C coupling reac¬ 
tions of two acetylide ligands at one or two metal centers. [Cp* 2 TiC=C f Bu] ( 4 ), 
for example, coordinates to [Co 2 (CO) 8 ] to give complex 14 (Scheme 4.12) [13]. In 
THF, [Cp* 2 TiC=C f Bu] reacts with LiC=C‘Bu to yield the tweezer-like complex 
[Cp* 2 Ti(C=C‘Bu) 2 ][Li(THF)] ( 15 ) [7b[. 
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‘Bu 



+ CO2CO8 



+ CO2 



Scheme 4.12 

Reactions of [Cp* 2 TiC=C*Bu]. -jg 


[Cp* 2 TiC=C‘Bu] inserts carbon dioxide to form [Cp* 2 Ti0 2 CC=C t Bu] (16) [7b]. 
Another insertion proceeds in the reaction of [Cp* 2 TiCl 2 ] with magnesium and 
an excess of Me 3 SiC=C—C=CSiMe 3 . The initial formation of a Ti(ui) monoacety- 
lide “[Cp* 2 TiC=CSiMe 3 ]” is assumed, with this inserting into the diyne to yield 
[Cp* 2 Ti{r| 3 -Me 3 SiC 3 =C(C=CSiMe 3 )SiMe 3 }[ (17), featuring a hex-3-ene-l,5-diyn- 
3-yl ligand [14] (Scheme 4.13). 


SiMe 3 

[ Cp* 2 Ti 

y-SiMe 3 

17 

Scheme 4.13 Insertion of [Cp* 2 TiC=CSiMe 3 ], Me 3 Si 

Some of these reactions are relevant for catalytic processes. Species such as 
“[Cp' 2 TiC=CR]”, for example, are important for photocatalytic C—C single bond 
metathesis (Section 4.3.5.1), catalytic oligomerization of 1-alkynes, and polymeriza¬ 
tion of acetylenes (Section 4.3.5.1). 


-Si Me, 


-Si Me, 



4.3. 5.1 Acetylide C-C Coupling and 1,3-Butadiyne Cleavage 

Compounds with transition metal carbon a-bonds are often suited for C —C cou¬ 
pling reactions by reductive elimination at one or between more than one metal. 
One very early example of this is the Glaser reaction, involving the coupling of cop- 
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per acetylides to give 1,3-butadiynes [15a, 15b]. On the other hand, cleavage of the 
single bonds of 1,3-butadiynes RC=C —C=CR by “Cp 2 Ti” or “Cp 2 Zr” has also been 
observed [2, 5e, 6f-h]. 

Here a brief overview of special aspects of C—C coupling and cleavage reactions 
in syntheses and conversions of group 4 metallocene mono- and bis-a-acetylides 
is presented. Five-membered metallacyclocumulenes Cp' 2 M(r| 4 -l,2,3,4-RC 4 R) 

(18) are the key intermediates both in reactions of C—C single bond cleavage of 
RC=C~C=CR to produce acetylide groups and in the opposite reaction of C—C 
single bond formation from acetylide groups [RC=Cf with formation of 1,3-butadiynes 
(Scheme 4.14) [2]. 

R R 



18 M = Ti, Zr 

Scheme 4.14 Metallacyclocumulenes in C—C coupling and cleavage reactions. 


Whether coupling or cleavage is favored is determined by the natures of the me¬ 
tals M, the substituents R, and the ligands Cp'. In a combination of both reactions, 
the first C—C single bond metathesis in homogeneous solution was achieved. 
Photocatalyzed and titanocene-mediated, it proceeds via titanocene monoacetylides 
that are also interesting species for other stoichiometric and catalytic C — C cou¬ 
pling reactions, such as the oligomerization of 1-alkynes and the polymerization 
of acetylene. 

Stoichiometric coupling of two acetylides 

The classical reaction in this field has already been mentioned: Teuben and 
de Liefde Meijer obtained the binuclear complex [Cp 2 Ti] 2 [j.i-r| 2 (l,3),r| 2 (2,4)PhC 2 C 2 Ph] 
(1), with a bridging butadiyne ligand, from [Cp 2 TiCl] 2 and NaC=CPh, as shown 
above in Scheme 4.5 [5a]. This C — C coupling reaction between two titanium 
atoms was later investigated by Royo and co-workers [15c] and, together with the 
reverse cleavage reaction, was subjected to detailed calculations by Jemmis et al. 
[15d-h] and others [15i]. Other C—C coupling reactions of the acetylides have 
been found for complexes of type 5: [Cp 2 Ti(o-C=CSiMe 3 ) 2 ], for example, eliminates 
butadiyne Me 3 SiC=C —C=CSiMe 3 , and the intermediate “[Cp 2 Ti(C=CSiMe 3 )]’’ re¬ 
arranges by dimerization to the more stable a,7i-acetylide-bridged Ti(in) complex 
[Cp 2 Ti(g-a,7i-C=CSiMe 3 )] 2 (type 2) without any further C—C coupling between 
the metal centers (Scheme 4.15) [5b, 5e]. 

The corresponding complex [Cp* 2 Ti(o-C=CSiMe 3 ) 2 ] is more stable, also giving 
C—C coupling of the two acetylide groups upon irradiation, but without reduction, 
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Scheme 4.15 Different stabilities and reactions of Cp' 2 Ti(C=CSiMe 3 ) 2 (Cp' = Cp, Cp*). 


with the formation of a coordinated 1,3-butadiyne in the titanacyclopropene 
[Cp*2Ti(r| 2 -l,2-Me 3 SiC 2 —C=CSiMe 3 )] (19) (Scheme 4.15) [8a-c]. 

Upon irradiation of [Cp 2 Ti(a-C=C‘Bu) 2 ] [16a], C—C coupling of the acetylide 
groups and the formation of the five-membered titanacyclocumulene [Cp 2 Ti 
(r| 4 -l,2,3,4- t BuC 4 t Bu)] [6i] was also detected by NMR. In the presence of additional 
titanocene “Cp 2 Ti”, [Cp 2 Ti] 2 [|u-r| 2 (l,3),ri 2 (2,4)- t Bu—C 2 C 2 - t Bu], with a bridging 1,3-bu- 
tadiyne, was formed (Scheme 4.16) [16b], 



18 

Scheme 4.16 Acetylide coupling of [Cp 2 Ti(C=C‘Bu) 2 ]. 



The complexes [Cp* 2 Zr(a-C=CR) 2 ] (5, R = Ph, SiMe 3 , and Me), when exposed to 
sunlight, afforded C—C coupling of the acetylide groups to give the 1,3-butadiyne, 
but no reduction, as found in the case of Ti(in) (as shown for the “Cp 2 Ti”-mediated 
formation of 2), and no complexation to afford a metallacyclopropene [Cp* 2 Ti(r| 2 - 
l,2-Me 3 SiC 2 —C=CSiMe 3 )] (as shown for the “Cp* 2 Ti”-mediated formation of 19) 
was observed. Instead, the zirconacyclocumulenes [Cp* 2 Zr(r| 4 -l,2,3,4-RC4R)] (18, 
R = Ph, Me, and Me 3 Si) were formed in high yields (Scheme 4.17) [8c, 8a[. 



Scheme 4.17 Acetylide coupling of [Cp* 2 Zr(C=CR) 2 ] with R = Ph, SiMe 3 , and Me. 
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Coupling of acetylides was also observed after addition of LiC^CPh to the 
zirconocene(iv) bis-o-acetylide [Cp 2 Zr( 0 -C=CPh) 2 ] (5), via the assumed Zr(iv) 
tris-a-acetylide ate-complex [Cp 2 Zr(o-C=CPh)] 3 [Li(Solv.)] (20) [9a] and the isolated 
r| 2 -diyne-zirconate [Cp 2 Zr(o-C=CPh)(r| 2 -l,2-PhC 2 —C=CPh][Li(E)] (21) [9b] (Scheme 
4.18), as mentioned above. 


Cp 2 Zr- 


Ph 


+ Li— =— Ph 


X 


[Li (So I v.)] 


Ph 


Ph 


Cp 2 Z K - —Ph 

X 

Ph 


5 20 

Scheme 4.18 Acetylide coupling of []Cp 2 Zr(C=CPh) 3 ]Li(Solv.)]. 


[ Li (So I v.)] 


Cp 2 Zr—1| 


Ph 


Ph 


Ph 

21 


Stoichiometric Cleavage of 1,3-Butadiynes 

When two equivalents of titanocene or zirconocene react with certain diynes, the 
products generated are the doubly 0 ,jt-acetylide-bridged metal(m) complexes (2 
and 3) mentioned above (Scheme 4.19) [2], One way to obtain these compounds 
starting from 1,3-butadiynes is C—C single bond activation and cleavage, first in¬ 
vestigated for the reaction between “Cp 2 Ti” and Me 3 SiC=C —C=CSiMe 3 [5e]. Here, 
an unexpected C—C single bond cleavage and the formation of [Cp 2 Ti(|u-0,7i-C=C- 
SiMe 3 )] 2 (2) was found. In corresponding reactions between “Cp 2 Zr” and 1,3-buta¬ 
diynes RC=C—C=CR [6h], other doubly 0 , 71 -acetylide-bridged Zr(m) complexes 
[Cp 2 Zr(|i-0,7T-C=CR)] 2 (3) (Scheme 4.19) were generated [6h], 


2 "Cp 2 M 

R—=-R - 


M = Zr; R= Ph, SiMe 3 ‘Bu 
M = Ti; R = SiMe 3 



Scheme 4.19 Cleavage of RC=C—C=CR and formation of [Cp 2 MC=CR] 2 . 


This cleavage reaction is favored for M = Zr in relation to Ti, an observation sup¬ 
ported by theoretical calculations [15d]. Additionally, there is a powerful influence 
of the substituents R in the butadiynes RC=C—C=CR [15e]: the Me 3 Si group, for 
example, seems to weaken the inner C—C single bond by its p effect (withdrawing 
electron density at the C-p atoms). This explains why the bis(trimethylsilyl) 
butadiyne is the only diyne substrate that has so far been cleaved in the case of 
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M = Ti. Nevertheless, this cleavage reaction has also been possible with other sub¬ 
stituents attached to the diyne, through combination with a second metal (Zr or 
Ni) in addition to Ti. 

The heterobinuclear complex [Cp 2 Ti(p-0,7T-C=C t Bu) 2 ZrCp2] (22) (Scheme 4.20), 
for example, was isolated both as a product of the reaction between *Bu—C 4 -‘Bu 
and “Cp 2 Ti” (via the titanacyclocumulene [Cp 2 Ti(ri 4 -l,2,3,4- t Bu—C 4 - f Bu)]) on addi¬ 
tion of “Cp 2 Zr”, and also as a product of the reaction between the zirconacyclo- 
cumulene [Cp 2 Zr(r| 4 -l,2,3,4- 1 Bu~C 4 - 1 Bu)] and “Cp 2 Ti” [6i]. 



Scheme 4.20 Reactions of metallacyclocumulenes to form Ti,Zr-heterobimetallics. 


Different C—C single bond cleavage products, depending on R, were obtained 
in the reactions of 1,3-butadiynes RC=C—C=CR with “Cp 2 M” and “Ni(PPh 3 ) 2 ” 
[6k, 16a]. Only for R = Ph did this reaction - through metallacyclocumulenes 
[Cp 2 M(r| 4 -l,2,3,4-RC 4 R)] ( 18 ) and the “external” complexation by “Ni(PPh 3 ) 2 ” at 
the 2,3-double bond - give the heterobimetallic complexes {Cp 2 M[p-ri 2 -(l-4)- 
PhC 4 Ph]Ni(PPh 3 ) 2 } ( 23 ) [16a] with an uncleaved bridging diyne, a type of a complex 
that can be regarded as intermediate for the products 24 and 25 , obtained with 
other combinations of R. With two Me 3 Si groups, the heterodinuclear o,7i-acety- 
lide-bridged complexes [Cp 2 M( 0 ,Tr-C=CSiMe 3 )Ni(a,jr-C=CSiMe 3 )(PPh 3 )] ( 24 ) was 
formed (Scheme 4.21), and with one Ph and one Me 3 Si group, the tweezer-like 
complex ]Cp 2 Ti(0,7i-C=CSiMe 3 )(0,7i-C=CPh)Ni(PPh 3 )] ( 25 ) was produced [6k]. 

Catalytic coupling and cleavage reactions 

It has been reported for complexes 5 such as [Cp 2 Zr( 0 -C=CMe) 2 ] that catalytic 
amounts of strong Lewis acids such as B(C 6 F 5 ) 3 catalyze the C—C coupling reaction 
of the acetylide groups with formation of the 1,3-diyne complexes [Cp 2 Zr 
(r| 4 -l,2,3,4-MeC 4 Me)] [6a]. It is worth mentioning that the reverse catalytic effect 
of B(C 6 F 5 ) 3 was found in the case of the permethylzirconocene systems, where 
the C—C bond of the complexed diyne in [Cp* 2 Zr(r| 4 -l,2,3,4-Me 3 SiC 4 SiMe 3 )] ( 18 ) 
was cleaved with formation of the bis-alkynyls 5 , such as [Cp* 2 Zr( 0 -C=CSiMe 3 ) 2 ] 
[2d, 61]. Apparently, an equilibrium between the zirconacycle and the bis-alkynyl 
is shifted by B(C 6 F 5 ) 3 to the cycle for Cp/Me and to the bis-alkynyl complex for 
Cp*/ Me 3 Si. In summary, B(C 6 F 5 ) 3 can catalyze either C—C coupling [6a] or cleav¬ 
age [2d, 61] in such systems (Scheme 4.22). 
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R = R' = SiMe 3 


+ "(Ph 3 P) 2 Ni" 

R = R’ = Ph 

M = Ti, Zr 

R = Ph, R' = SiMe 3 





Scheme 4.21 Reactions of metallacyclocumulenes to form Ni,Ti- and Ni,Zr-heterobimetallics. 


Cp' 2 Zr' 


X 


+ B(C 6 F 5 ) 3 
Cp' = Cp, R = Me 


+ B(C 6 F 5 ) 3 
Cp' = Cp*, R = SiMe 3 



Scheme 4.22 Catalytic C—C coupling of acetylides and cleavage with B(C 6 F 5 ) 3 . 


Photocatalytic C—C single bond metathesis 

The interaction of butadiynes with titanocenes and zirconocenes can give cleavage 
of the diynes and coupling of the cleaved fragments by the metallocene cores [2]. 
Cleavage of symmetrically substituted butadiynes in combination with a subse¬ 
quent alternating recombination of the acetylide groups gives rise to a C—C single 
bond metathesis (Scheme 4.23) [2, 17a]. 


Me 3 Si—-—^—SiMe 3 

1) 4 "Cp 2 Ti", hv 

+ - 1 -► 2 Me 3 Si—=—=-'Bu 

. _ _ , 2) Oxidation 

'Bu-=—=-'Bu 


Scheme 4.23 C—C single bond metathesis of 1 ,3-butadiynes. 
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If one-to-one mixtures of the butadiynes l BuC=C—C=C*Bu and Me 3 SiC=C— 
C=CSiMe 3 are treated with an excess of the “Cp 2 Ti” reagent under irradiation con¬ 
ditions, the unsymmetrically substituted diyne f BuC=C—C=CSiMe 3 is obtained 
after oxidative workup in addition to the symmetrically substituted starting diynes. 
This was the first titanocene-mediated, photocatalyzed C—C single bond meta¬ 
thesis in homogeneous solution. This metathesis cannot be conducted catalytically 
with regard to the titanium complex, because of coupling reactions that predomi¬ 
nate if an excess of diyne is used [2]. The course of the reaction (Scheme 4.24) can 
be understood in terms of the titanocene forming a binuclear complex with an in¬ 
tact C 4 backbone of type 1 with ‘BuC=C—C=C f Bu and a a,ji-alkynyl bridged cleav¬ 
age product of type 2 with Me 3 SiC=C—C=CSiMe 3 . 


Si Me, 


2" Cp2"n" 


SiMe ? 


Bu 


2 "Cp 2 Ti" 


l Bu 


SiMe 3 


A 

Cp 2 Ti / TiC P2 


hv 


Me 3 Si 



hv 


Cp 2 TiC=CSiMe 3 


Cp 2 TiC=C t Bu 


hv 



Scheme 4.24 Reaction path for C—C single bond metathesis of 1,3-butadiynes. 


In the presence of light, both complexes dissociate into the unstable monomeric 
Ti(ni) complexes “[Cp 2 Ti(a-C=C‘Bu)]” and “[Cp 2 Ti(a-C=CSiMe 3 )[”, which then di¬ 
merize either to the respective starting complexes or to a differently substituted bi¬ 
nuclear complex. The reverse reaction is also accomplishable, as has been verified 
by dynamic NMR investigations showing that dinuclear C—C-cleaved complexes 
such as [Cp 2 Ti] 2 [(p—C=CSiMe 3 )(p—C=C f Bu)] are very likely to be present in solu¬ 
tions of the uncleaved complexes [Cp 2 Ti] 2 [p-q 2 (l,3),q 2 (2,4)‘BuC 2 C 2 SiMe 3 ] [17b]. 

On the basis of all the above results, it is possible to deduce a general reaction 
scheme capable of explaining both the cleavage of and the coupling to 1,3-buta¬ 
diynes in a uniform order of events (Scheme 4.25) [2, 15f]. 

According to this scheme, both the cleavage and the coupling progress via me- 
tallacyclocumulenes, the intramolecular coordination of the inner double bond 
being replaced, in the subsequent step, by an intermolecular one. These intermedi¬ 
ates then rearrange to products in which either an intact or a cleaved C 4 linkage is 
present. The individual energy levels both of the complexes in question and of the 
intermediates have been determined by calculations, and the results support the 
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Scheme 4.25 


C—C coupling of acetylides and cleavage of 1,3-butadiynes via cyclocumulenes. 


experimentally observed relative thermodynamic stabilities. These theoretical 
results thus emphatically support the documented interpretation of reaction course 

[154 

Catalytic oligo- and polymerization of acetylenes 

Mach and co-workers reported that the complexes such as [Cp* 2 Ti 
(a-(E) —CH = CHR)(o-C=CR)] above show photochemical coupling of the alkenyl 
and the acetylide groups to produce complexes of but-l-ene-3-ynes [Cp* 2 Ti(3,4- 
r| 2 -RC=C—CH = CHR)] (Scheme 4.4) [18a]. These complexes catalyze the rapid di¬ 
merization of 1-alkynes to 2,4-disubstituted but-l-ene-3-ynes (head-to-tail-dimers). 
This coupling is very similar to that described above for acetylide groups in 
[Cp* 2 Zr(a-C=CR) 2 ] (see Scheme 4.17 above). 

Species such as Cp* 2 TiC=CR could also be important in catalytic oligomeriza¬ 
tion reactions of 1-alkynes [18b—d]. The insertion of a diyne into the acetylide 
bond with formation of Cp* 2 Ti[r) 3 -Me 3 SiC 3 =C(C=CSiMe 3 )SiMe 3 ] has been men¬ 
tioned (Scheme 4.13). The Cp* ligands prevent dimerization of the monoalkynyl 
complexes, which is why Cp* 2 Ti catalysts are better catalysts than the correspond¬ 
ing Cp systems in oligomerization reactions of 1-alkynes. 

From these considerations regarding the reactivity of [Cp* 2 Ti(o-(E) —CH = CHR) 
(a-C=CR)[, a new mechanism (Scheme 4.26) for the polymerization of acetylene [19] 
was proposed [2c]. 

The steps consist of tr-complexation of acetylene to “[Cp 2 Ti(ri 2 -HC 2 H)]” ( 26 ), oxi¬ 
dative addition to give “[Cp 2 Ti(H)(C=CH)]” ( 27 ), insertion of HC=CH to give 
“[Cp 2 Ti(—CH = CH 2 )(—C=CH)[” ( 28 ), and coupling to afford “[Cp 2 Ti(3,4-r| 2 - 
HC=C—CH=CH 2 )]” ( 29 ). The substitution of HC=C—CH = CH 2 by HC^CH 






160 


4 Transition Metal Acetylides 


Cp 2 Ti _ 

26 


Cp 2 Ti 


X 


\ 

27 H 



\ 

H 


H 

H(R) 


-H(R) / 

Cp 2 Ti 


H 

H H(R) 
28 
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Scheme 4.26 Proposed mechanism for polymerization of acetylene. 


opens a new catalytic cycle, again via “[Cp 2 Ti(r| 2 -HC 2 H)]” and “[Cp 2 Ti(H)(C=CH)]”, 
insertion of HC=C—CH = CH 2 to yield “[Cp 2 Ti(—CH = CH—CH = CH 2 )(—C= 
CH)]”, and coupling to provide “[Cp 2 Ti(3,4-r| 2 -HC 2 —CH = CH—CH = CH 2 )]”. Repe¬ 
titive sequences of substitution, oxidative addition, and coupling ultimately afford 
trans -polyacetylene [19]. 


4.4 

Complexation of MC=CM 

4.4.1 

Examples 

Depending on the nature of the metal M, three types of complexes - (A), (B), and 
(C) - have been found for MC=CM (see Section 4.3.4.3) (Scheme 4.27) [2]. Com¬ 
plexation of MC=CM with other metals with formation of cluster compounds has 
frequently been described, but complexes with only one M with formation of M 3 C 2 
are relatively rare [11, lm], Four of the most important interactions (Scheme 4.27) 
are: the 0,7T-bridging mode without metal-metal interaction (D), the corresponding 
type with metal-metal bonds (E), and, in (F) and (G), one metal coordinated at one 
and the two other metals at the second carbon atom. 
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Scheme 4.27 Complexation of MC = CM. 


Many examples of such complexes were published in pioneering contributions 
in rhenium chemistry carried out by Beck and co-workers [20a-d]. Three represen¬ 
tative examples for titanium are listed here (Scheme 4.28). Mach et al. described 
the Tt-complexes [Cp' 2 Ti(r| 2 -Me 3 SnC 2 SnMe 3 )] ( 30 ), from which the complexes 
[Cp 2 Ti(p-CT,7T-C=CSnMe3)] 2 ( 31 ) were obtained [3d], and an interesting type of 
M 4 C 8 complexes with two TiCu 2 C 2 subunits ( 32 ) was published by Lang, 
van Koten, and co-workers [20e]. 



Cp'= n 5 -C 5 Me 5 Cp' = n 5 -C 5 H 5 ti 5 -C 5 H 3 Me 2 Cp': T| 5 -C 5 H4SiMe3 

30 31 32 

Scheme 4.28 Examples of MC=CM complexes. 


4 . 4.2 

Molecular Dynamics of Acetylides 

The most interesting features in the chemistry of the trimetallic complexes are 
dynamic processes of the C 2 ligand. For [{Ru(CO) 2 (r|—C 5 H 4 R)} 3 (g—C=C)][BF 4 ] 
(R = H ( 33 ) or Me ( 34 )), with the Ru 3 C 2 subunit, such a dynamic process of the 
C 2 ligand was recently described as “bearing-like” for the bisacetylide between 
three metals (Scheme 4.29) [21a]. 
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Ru: 


f 

Ru 


c' 


Ru 


Ru: (ri 5 -C 5 H 5 )Ru(CO) 2 33, (ri 5 -C 5 H 4 Me)Ru(CO) 2 34 
Scheme 4.29 Molecular dynamics of a Ru 3 C 2 complex. 


A similar fluxional motion of acetylide fragments was also found by Akita et al. 
for the binuclear complex [{Cp(CO) 2 Fe} 2 (p—C=CH)] + (35) (Scheme 4.30) [21b—d]. 
Observations made by solution NMR measurements were interpreted as caused 
by a 1,2-shift of the hydrogen atom on the carbide bridge via an intermediate 
according to the example in Scheme 4.29. 


Fe*' 






Fe* 


H 

/©\ 

cr=c^ 

Fe* Fe* 


Fe*: Cp*Fe(CO) 2 35 

Scheme 4.30 Molecular dynamics of a Fe 2 C 2 H complex. 


H. 


Fe^Se- 


More recently, an oscillating C=C 2_ unit inside a copper rectangle was published 
for the complex [Cu 4 (p-dppm)(|i 4 -r| 1 ,p 2 —C=C ] 2+ on the basis of NMR studies and 
DFT calculations [21e]. 

Prior to all these studies for a.n-acetylide-bridged complexes of the type 3 
M(p—C=CR) 2 M (Scheme 4.31), non-rigid behavior was published by Erker et al. 
for M 2 C 2 R, which is isolobal to M 2 C 2 M [6e]. 




o,7t-coordination 


a,o-coordination 


Scheme 4.31 Molecular dynamics of a Zr 2 (C 2 R) 2 complex. 
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Some experimental data and theoretical calculations [15d-h] concerning inter¬ 
mediates in this interconversion are important with respect to the C — C coupling 
reactions of acetylide groups discussed above [2]. 

4.4.3 

Acetylides in the Topomerization of Alkynes 

The C 2 -ligand is an extremely mobile group in compounds such as M 3 C 2 and M 2 
(p-a,7i-C 2 R). [2, 6e, 21]. In terms of the isolobal concept, this could also have some 
more general consequences for the chemistry of alkynes C 2 R 2 and their complexes 
with metals M(rt-C 2 R 2 ). 

One interesting point in this area is topomerization of disubstituted alkynes, in 
which carbon atom transposition has been observed. This thermal interconversion 
of alkynes from 36a to 36b via vinylidenes 37 at higher temperatures is known as 
the Roger Brown rearrangement (Scheme 4.32) [22]. 


R'—C=C—R 


36b 

C*R via vinylidene species. 


*/ R ' 

:C=CC 

37a R 


R'—C=C-R 


< 


36a 37b 

Scheme 4.32 Topomerization of RC*=CR and RC= 


At lower temperatures, complexes of vinylidenes M = C=CR 2 (39) were produced 
from metal complexes of disubstituted alkynes M(7t-RC 2 R) (38), as published in 
some very important papers by Werner et al. (Scheme 4.33) [23a]. Were this process 
reversible for disubstituted alkynes, a catalytic influence of metals on the above 
topomerization would be conceivable [23b, 23c]. 


M—III 


R’ 


38a 


M=C=CC^ 

39a R 

or 

.R 

M=C=CX^ 

R 

39 b 




38b 


Scheme 4.33 "lopomerization of M(RC*=CR) and M(RC=C*R) via vinylidene complexes. 
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For acetylene and 1-alkynes, the formation of vinylidene complexes was calcu¬ 
lated and explained in terms of a “concerted” metal-slip by 1,2-H-migration 
[23d—f] rather than a stepwise oxidative addition via M(H)(acetylide) intermediates 
[23 g ]- 

For disubstituted alkynes, C—C or C-Si single bond cleavage of RC=CPh (R = 
Ph, Me 3 Si) with formation of platinum(n) compounds Pt(o-R)(a-C 2 Ph) (40) in a 
reversible process was described (Schemes 4.3 and 4.34) [3e, 3f]. 


M— 



M. 








Ph 


M: ( i Pr 2 PCH 2 CH 2 NMe 2 )Pt, R: Ph, SiMe 3 , 40 

Scheme 4.34 Reversible C—C and C — Si bond cleavage with formation of acetylides. 


It is unknown whether the formation of vinylidene complexes such as 
Rh=C=C(SiMe 3 )(Ph) [23h] with a 1,2-shift of the Me 3 Si groups (Scheme 4.33) pro¬ 
ceeds via similar species. For Pt(a-Ph)(o-C 2 Ph) it is not clear whether this complex 
40 is formed through ortho -metalation via a four-membered metallacycle 41 
(Scheme 4.35) [24a]. For the back-reaction, the phenylacetylide can be considered 
to have a chelate three-electron donor tautomer 42 reacting with a Lewis base L 
at the electrophilic a-carbon atom. [24b] 



Scheme 4.35 Suggested intermediates of reversible phenylacetylide formation. 
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As a result of all these considerations, it is reasonable to ask whether species of 
types F, G, and H (Scheme 4.27) are involved in the carbon atom transposition 
(Scheme 4.29) of the M 3 C 2 compounds mentioned above, giving a formal “rota¬ 
tion” of the bis-acetylide between three metal centers (Scheme 4.36) [25a]. 
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Scheme 4.36 Acetylide complexes in C 2 -rotation and alkyne topomerization. 


4.5 

Summary and Outlook 

As examples of the extremely rich chemistry of transition metal acetylides, the se¬ 
lected material on titanocene and zirconocene acetylides presented here should 
give an impression of the manifold reactivity of species with subgroups such as 
MC = CR, M(C=CR) 2 , and MC=CM. This may also serve as a simple model 
through which to understand the higher derivatives M(C=C)„R, M[(C=C)„R] 2 , 
M(C=CR)„, M(C=C)„M, and so on, which, as carbon-rich organometallics, are 
of particular interest for synthetic, theoretical, and physical chemistry with great 
technological potential in materials science. 

On the other hand, general fundamental organometallic research with transition 
metal acetylides in comparison to the corresponding alkyl, alkenyl, and aryl com- 
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pounds offers some fascinating aspects for C—C coupling and cleavage reactions 
at one or more metal centers. Here, knowledge of examples such as (R 2 C=CR-) 
MC^CR and M(C=CR) 2 can lead to better understanding of the corresponding re¬ 
actions of alkenyl M(CR=CR 2 ) 2 , aryl M(Ar) 2 , and alkyl MR 2 compounds [25]. Novel 
types of transition metal complexes (five-membered cyclocumulenes) and both 
stoichiometric (C—C single bond cleavage) and catalytic reactions (C —C single 
bond metathesis) have been demonstrated in this field, showing that the combina¬ 
tion of organometallic complexes with suitable substrates has very often led, and 
will lead in future, to novel chemistry. Transition metal acetylides provide a con¬ 
vincing example for this. 


4.6 

Typical Experimental Procedures 

4.6.1 

Synthesis of a Monomeric Ti(m) Monoacetylide [Cp'- 2 TiC=C‘Bu] [7b] 

3,3-Dimethylbutyne (0.21 mL, 1.7 mmol) in n-hexane (10 mL) was cooled to -78 °C 
and treated with n-butyllithium (2.5 m in n- hexane, 0.68 mL, 1.7 mmol). After 15 
min, the solution was allowed to warm to room temperature and the resulting 
white suspension was added to a deep blue solution of [Cp* 2 TiCl] (0.606 g, 

1.7 mmol) in n -hexane (10 mL). The color of the mixture rapidly changed from 
blue to brown. After filtration and concentration of the solution to 5 mL, crystalli¬ 
zation at -78 °C gave greenish-brown crystals, which were separated from the 
mother liquor, washed with cold n- hexane, and dried in vacuo to give 0.430 g 
(62.9%), m.p.: 129-131 °C. Anal. Calcd for C 26 H 39 Ti (399.48): C, 78.18; H, 9.84. 
Found: C, 78.24; H, 9.75. IR (nujol) v (cm 1 ): 2721 w, 2071 s. MS: (70 eV) El m/ 
z (u) = 399 [M] + , 317 [Cp* 2 Ti-H] + . 

4.6.2 

Synthesis of a Ti(m) Bisacetylide Tweezer [Cp 2 Ti(C=C‘Bu) 2 ][Li(TH F)] [7b] 

A solution of 3,3-dimethylbutyne (1.30 mL, 10.6 mmol) in THF (15 mL) was cooled 
to -78 °C and treated with n-butyllithium (2.5 m in n- hexane, 4.24 mL, 10.6 mmol). 
After 15 min, the solution was allowed to warm to room temperature, [Cp* 2 TiCl] 
(1.89 g, 5.3 mmol) was added, the solution was stirred for 24 h, the solvent was 
removed in vacuo, and the residue was suspended in n-hexane (10 mL). After fil¬ 
tration and crystallization at -78 °C, green crystals (2.001 g, 68.0%) were obtained, 
and were filtrated and dried in vacuo, m.p.: 178-179°C. Anal. Calcd for 
C 36 H 56 LiOTi (559.66): C, 77.26; H, 10.09. Found: C, 77.24; H, 9.85. IR (nujol) v 
(cm -1 ): 2030 s; 1237 vs; 1199 m; 1036 s; 883 m. MS: (70eV) El m/z (u) = 399 
[M-LiTHF— C 2 ‘Bu] + , 318 [Cp* 2 Ti] + . 
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4.6.3 

Synthesis of a Dinuclear Ti(m) Monoacetylide [Cp 2 TiC 2 SiMe 3 )]2 by C-C Cleavage of a 

1.3- Butadiyne [5e] 

[Cp 2 Ti(r| 2 -Me 3 SiC 2 SiMe 3 )] (3.47 g, 10 mmol) in pentane (10 mL) was mixed with 

1.4- bis(trimethylsilyl)butadiyne (0.970 mg, 5 mmol) in pentane (10 mL), and the 
mixture was stirred at 40 °C for 1 h. The color of the solution changed from yellow 
to red. The solvents were then distilled in vacuo, and the residue was suspended in 
pentane (40 mL). After filtration and crystallization at room temperature, the crys¬ 
tals were washed with pentane and dried in vacuo to afford 2.6 g (95%), m. p.: 

250°C (dec. under argon). 'Ll NMR (THF-d g ) 5/ppm: 0.33 (s, SiMe 3 ), 5.20 
(s, C 5 H 5 ). 13 C NMR (THF-d s ) 6/ppm: 104.6 (Cp), 120.6 (C 5 Me 5 ), 142.8 (C-|3), 

237.5 (C-a). 

4.6.4 

Synthesis of a Zr(iv) Bisacetylide [Cp'" 2 Zr(C=CSiMe 3 ) 2 ] [8c] 

Me 3 SiC=CH (432 mg, 4.40 mmol) in toluene (5 mL) was cooled to -78 °C, and one 
equivalent of n-butyllithium (2.5 m in n-hexane) was added. After the solution had 
warmed to room temperature, [Cp* 2 ZrCl 2 ] (950 mg, 2.20 mmol) was added, the so¬ 
lution was stirred for 24 h, the solvents were then distilled in vacuo, and the resi¬ 
due was suspended in n-hexane (10 mL). After filtration and crystallization at - 
78 °C, the mother liquor was decanted and the crystals were dried in vacuo to 
afford 450 mg (37%), m. p.: 162-166 °C (dec. under argon). Anal. Calcd for 
C 30 H 48 Si 2 Zr (556.1): C, 64.80; H, 8.70. Found: C, 64.82; H, 8.87. 3 H NMR (C 6 D 6 ) 
5/ppm: 0.24 (s, 18H, SiMe 3 ), 2.01 (s, 30H, C 5 Me s ). 13 C NMR (C 6 D 6 ) 6/ppm: 0.6 
(Si Me } ), 12.6 (C 5 Me 5 ), 120.6 (C 5 Me 5 ), 122.3 (C-(3), 175.0 (C-a). MS (70 eV) m/z: 

554 (M + ), 360 (Cp* 2 Zr + ). IR (Nujol, cm 1 ): 2027 m, 1424 s, 1244 vs, 1025 m, 855 
vs, 837 vs, 757 m, 683 vs, 604 s. 

4.6.5 

Synthesis of a Zirconacyclocumulene [Cp* 2 Zr(ri 4 -1.2.3.4-Me 3 SiC 4 SiMe 3 )] 

4.6.5.1 By Photochemical C—C Coupling of Acetylides 
to a Complexed 1,3-Butadiyne [8c] 

[Cp* 2 Zr(C=CSiMe 3 ) 2 ] (135 mg, 0.24 mmol) was dissolved in toluene (5 mL) under 
argon. After the solution had been kept standing for four days exposed to sunlight, 
the color of the solution had turned from light yellow to red. The solvent was re¬ 
moved in vacuo, and the red residue was redissolved in n-hexane (1 mL). On stand¬ 
ing at -78 °C, orange-red crystals appeared, and were separated, washed with cold 
n-hexane (-75 °C), and dried in vacuo to give 101 mg (79%), m. p.: 195 °C (dec. 
under argon). Anal. Calcd for C 30 H 48 Si 2 Zr (556.1): C, 64.80; H, 8.70. Found: C, 
64.57; H, 8.64. 3 H NMR (THF-d g ) 5/ppm: 0.45 (s, 18H, Si Me } ), 1.61 (s, 30H, 

C 5 1Vfe 5 ). 13 C NMR (THF-d 8 ) 5/ppm: 3.2 (Si Me/), 12.1 (C 5 Me s ), 113.4 (C 5 Me 5 ), 

144.5 (C-P), 188.0 (C-a). MS (70 eV) m/z: 556 (M + ), 360 (Cp* 2 Zr + ). 
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4.6.5.2 By Reduction of [Cp* 2 ZrCI 2 ] in the Presence of a 1,3-Butadiyne [8c] 

1,4-Bis(trimethylsilyl)butadiyne (292 mg, 1.50 mmol) was dissolved in THF 
(10 mL), and the solution was added to [Cp* 2 ZrCl 2 ] (650 mg, 1.50 mmol) and mag¬ 
nesium turnings (36 mg, 1.50 mmol). The mixture was kept at 55-60 °C and stir¬ 
red for 48 h. The color of the solution changed from light yellow to orange-red. The 
solution was then filtered, and the solvent was removed in vacuo. The residue was 
extracted three times with n- hexane (5 mL portions). After filtration, concentration 
of the clear solution to about 5 mL, and crystallization at -78 °C, an quantity of 
669 mg (80%) was produced, and this was filtered and dried in vacuo. Orange- 
red crystals, data as described under Section 4.6.5.1. 
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5 

Acetylenosaccharides 

Bruno Bernet and Andrea Vasella 


5.1 

Introduction 

Acetylenosaccharides are combinations of two quite different, but both versatile, 
structural elements: an alkynyl and a carbohydrate moiety. The alkynyl moiety is 
hydrophobic, achiral, rigid, and linear, and it is easily and selectively transformed 
into a variety of functional groups. The carbohydrate portion is highly oxidized, hy¬ 
drophilic, chiral, occurs in a number of acyclic and cyclic isomers, and is far less 
easily selectively modified. The combination of these divergent elements in a single 
molecule makes acetylenosaccharides attractive. Nature does not produce alkyny- 
lated carbohydrates, except for polyacetylenes that combine cumulated alkynyl 
groups and a short alditol portion (tetritol or shorter chain). 

Although the first acetylenosaccharides were prepared from non-carbohydrate 
precursors as early as 1925, by Lespieau [1], and in 1949, by Raphael [2] (see [3] 
for an early review on the preparation of carbohydrates from acetylenic precursors), 
the first transformation of a carbohydrate into an acetylenosaccharide was publish¬ 
ed by Zelinski and Meyer in 1958 [4]. Since 1970, growing interest in acetylenosac¬ 
charides has led to about 700 publications. This development is reflected in the no¬ 
menclature of carbohydrates, as the infix “-yn-” was added only late, in the 1996 
recommendations. Prior to this date, a glycynose had to be named as a tetradehy- 
dro-glycose, whereas olefinic saccharides were already called glycenoses. 

The goal of this article is to provide a comprehensive overview of the chemistry 
of acetylenosaccharides. The review is divided into four main sections: isolation 
from natural sources, preparation of mono- and dialkynylated saccharides, syn¬ 
thetic transformations of alkynylated saccharides, and biological and medicinal 
applications. 

In this review, acetylenosaccharides are defined as glycopyranoses or -furanoses 
possessing a C-alk-l-ynyl or a C-alk-2-ynyl substituent or compounds formally der¬ 
ived from them and containing a 3,4,5-trihydroxypent-l-ynyl or a 4,5,6-trihydroxy- 
hex-l-ynyl moiety (see 1 and 2 in Scheme 5.1; R = any substituent). Thus, 2,3-epoxy- 
alk-4-ynols 3 are included in the discussion, but not 2,3-dihydroxyalk-4-ynoates 4, 
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which are readily accessible by aldol reactions of propargylic aldehydes. Also ex¬ 
cluded are 2-ethynylated glycerines 5, C-allcynylated tartaric acids 6, and alkyny- 
lated compounds in which the alkynyl group is attached at a heteroatom of the gly- 
cosyl moiety (such as propargyl ethers and glycosides). 



Not included: 
R-E 


R 


OR OR 

4 


OR 

o 


— OR 
-OR 


5 


— OR 


Included: 

R- 



R 


6 


R = any substituent (including pyranosyl and furanosyl rings) 
Scheme 5.1 Acetylenosaccharides defined as compounds of structures 1 and 2. 


C0 2 R 

-OR 

— OR 
C0 2 R 


5.2 

Isolation of Acetylenosaccharides from Natural Sources 

Some alk-4-yne-l,2,3-triols and alk-5-yne-l,2,3,4-tetrols have been isolated from 
Basidiomycete, Hyphomycete, and Actinomycete fungi. They contain from two to 
four cumulated triple bonds and are representatives of antifungal polyacetylene 
antibiotics. The first described polyacetylene, biformin or biformyne (7), an epoxy- 
triynol, was isolated from Polyporus biformis in 1947 [5]; its relative configuration 
was assigned by Anchel and Cohen in 1954 [6] and by Jones and co-workers in 
1963 [7] (Scheme 5.2). Further polyacetylenes from Basidiomycete fungi were de¬ 
scribed later on, in the forms of the epoxytriynol 8 [8], the C 2 -symmetric diepoxy- 
diynediol 9 ((+)-repandiol) [9], the epoxydiynol 10 (nitidon) [10], the diastereoiso- 
meric diynetriols 11 [11] and 12 [12], and the diynetetrol 13 [13]. The unusual 
(chlorovinyl group) enediynetriol 14 was extracted from a Hyphomycete fungus 
[14]. Finally, a 4,5-disubstituted triacetylenic dioxolone was isolated from Actinomy¬ 
cete fungi [15]. The absolute configuration was determined by chemical correlation 
of 11-13, a Sharpless asymmetric epoxidation [16] affording (-t-)-repandiol 9 [10], 
and a Sharpless kinetic resolution [17] providing 15 [18]. Only the relative config¬ 
urations were assigned to 7, 8, and 10 (all trans), and to 14 (erythro). 
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trans 

r——=—= .Yy—CH 2 OH 

O 

7 R = H (Polyporus biformis and Coprinus quadrifidus ) 

8 R = Me (Trametes pubescens) 
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(Coprinus quadrifidus) 

OH 


-CH 2 OH 


OH 

(Aleurodiscus roseus) 

OH OH 
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S S 

(Fistulina hepatica) 
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-CH 2 OH 


Cl 


OH 


-CH 2 OH 


14 


OH OH 

(Pneumatospora obcoronata) 
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15 



(Microbispora sp.) 


(CH 2 ) 6 COOH 


Scheme 5.2 Polyacetylenes isolated from Basilidiomycete (7-13), Hyphomycete (14), 
and Act'momycete (15). 
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Osirisyne F [19] and haliclonyne [20] are two highly oxygenated C 47 polyacety¬ 
lenes isolated from the marine sponge Haliclona. They each contain a 4,5,6-trihy- 
droxyhex-2-ynoic acid fragment 16 (Scheme 5.3). The configuration of the glycerol 
moiety was not assigned. 

HOOC—-|-|-^-R 

OH OH OH 

R = polyoxygenated, unsaturated C 41 linear chain 

Scheme 5.3 

16 (Haliclona sp.) Polyacetylenes isolated from sponges. 


A Cj 0 polyacetylene, the antifeedant 17, was isolated from a Compositae plant 
[21-23] (Scheme 5.4). Unlike the fungal polyacetylene epoxyalcohols, 17 is a as- 
substituted epoxide. Plant polyacetylenes are usually C 13 to C 17 1,3-disubstituted 
glycerols or 1,4-disubstituted tetritols, such as the l,2,3-trihydroxyhepta-4,6-diyne 



COOH 


S R 



CH 2 OH 


17 (Chrysothamnus nauseosus) 


OH 

R S I 

MeCH 2 CH 2 —---■- j - 1 - ^ - (CH 2 ) 5 CH=CH 2 

OH OH 

18 (Cirsium spp., Ptilostemon spp., or Vladimira denticulata) 


R 1 


R R S 

1.Y 7 .(ch 2 ) 5 r 2 

OH O 


19a R 1 = (Z)-CH=CHMe, R 2 = CH=CH 2 (Anthemis rudolfiana) 
19b R 1 = CH 2 CH 2 Me, R 2 = CH=CH 2 (Cirsium japonicum) 

19c R 1 = CHOHCH=CH 2 , R 2 = CH 2 Me (Panax quinquefolium) 


Me— - - - - - — 

20 (Cacosmia rugosa) 


TX 

o 


OH 


OH 


(CH 2 ) 4 CH=CH 2 




trans 



21a R 1 = R 2 = H 

21b R 1 = OH, R 2 = CH 2 OAc 


trans 



(Artemisia annua) 

(Adenia gummifera) 


Scheme 5.4 Polyacetylenes 17-21 isolated from plants. 
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18 [24-27], the l,2-epoxy-3-hydroxyhept-4,6-diynes 19a [28], 19b [25, 29, 30], and 
19c [31], the 2,3-epoxy-l,4-dihydroxydeca-5,7,9-triynes 20 [32], and the l,2:3,4-di- 
epoxydeca-5,7,9-triynes 21a (annuadiepoxide) [33] and 21b (gummiferol) [34]. 
The (8R,9S,10R) configuration of 18 is based on chemical correlation [35] and is 
at variance with the (8S,9J?,10S) configuration postulated earlier [36] on the basis 
of Horeau’s method [37]. The epoxides 19a-c are cis-substituted. The absolute con¬ 
figuration of 19a [28] was assigned by chemical correlation and that of 19b by an 
asymmetric synthesis [38]. Only the trans configurations of the two oxirane rings 
of 21a and 21b were assigned. 

The enediynes neocarzinostatin (22) [39, 40] and N1999A2 (23) [41, 42] were iso¬ 
lated from Streptomyces sp. (Scheme 5.5). They each contain a 1,2-dialkynylated 
1,2-anhydrotetritol moiety. Surprisingly, opposite absolute configurations were 
deduced for 22 and for 23 (d -ribo vs. L-ribo ). Strained unsaturated 13-oxatricy- 
clo[7.3.1 45 ]trideca-8,12-diene-2,6-diynes are a popular synthetic target (see, for ex¬ 
ample, [43-47]). 

O 



22 (Neocarzinostatin from 23 (N1999-A2 from 

Streptomyces carzinostaticus) Streptomyces sp. AJ9493) 

Scheme 5.5 Enediynes 22 and 23 isolated from Streptomyces species. 


5.3 

Preparation of Monoalkynylated Acetylenosaccharides 

Degradation, double elimination, and C,C-bond formation to terminal C-atoms of 
monosaccharides afford linear acetylenosaccharides, whereas C,C-bond formation 
to internal C-atoms yields branched-chain acetylenosaccharides. 

5.3.1 

Preparation of Linear Acetylenosaccharides 

5.3.1.1 By Degradation 

Treatment of the N-nitroso GlcNAc derivative 24 with KOH in ‘PrOH/Et 2 0 fol¬ 
lowed by acetylation gave the pent-4-ynitol 25 [48] (Scheme 5.6). The transforma¬ 
tion proceeds via an intermediate diazo derivative, as illustrated by the transforma- 
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tion of the diazoester 26 into the acetylene 27. We presume that 26 reacts by frag¬ 
mentation, to generate a vinyldiazo compound that is transformed into the alkyne 
via an alkenylidene carbene. This degradation is of little synthetic interest, since 
pent-4-ynitols are easily accessible by addition of acetylene to glyceraldehydes. 



NAc 

o=n' 


Ph '^er^oAc 

Ac0-A^--^C0 2 Me 

N 2 


24 


26 


1) KOH, 'PrOH/Et 2 0, -25° 

2) Ac 2 0, py 


AcO 



25 (70%) 


Ph '\2^OA0 
27 (30%) 


Scheme 5.6 

Degradation of the 
nitrosoacetamide 24 
and the diazo ester 

26. 


5.3.1.2 By Elimination 

Double elimination of fully protected 1-chloroalditols and 6-chloro-D-glucofurano- 
sides gives terminal acetylenes [49]. Thus, treatment of the o-xylitol derivative 28 
and the D-glucofuranose 30 with LiNH 2 in liquid NH 3 gave the hydroxyacetylenes 
29 and 31, respectively (Scheme 5.7). Application of this reaction to l-chlorohex-2- 
ynitols, -hept-2-ynitols, and -oct-2-ynitols gave the corresponding aldo-l,3-diynitols 



Scheme 5.7 Double elimination of 28 and 30, reductive elimination of 32, and transformation of 
34 into 35. 
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[50]. Double elimination of 2,3-epoxychlorides (readily accessible by Sharpless 
asymmetric epoxidation) provided chiral propargylic alcohols [51]. To the best of 
our knowledge, no double elimination of 6-halopyranosides and 5-halofuranosides 
to provide acyclic aldehydo-aldynoses is yet known, 

Reductive elimination (BuLi in THF) of a protected l,5-anhydro-2-bromo-2- 
deoxy-D-arafoino-hexitol (a 2-bromo-D-glucal) [52] and of l,4-anhydro-2-bromo-2- 
deoxy-D-pentitols [53] resulted in ring-opening and a terminal acetylene. Higher 
yields were obtained in the reductive elimination of the 1,4-anhydropent-l-enitol 
32 (73-80%; Scheme 5.7) than in that of the analogous, six-membered 2-bromo- 
glucal (37%). 

An unusual acetylene formation (35) was observed upon treatment of the cyano¬ 
hydrin mesylate 34 with NaN 3 in DMF [54] (Scheme 5.7). The reaction probably 
proceeds through the intermediate formation of a cyano-azide and a 1,2,3,4-tetra- 
zine. We are not aware of other examples of this reaction. 

5 . 3 . 1.3 By Wittig-Type Reactions 

In 1972, Corey and Fuchs published a powerful transformation of aldehydes into 
acetylenes via dibromoethenes [55]; treatment of the dibromoethene with BuLi 
in THF then provides the acetylene. In the second step, the intermediate acetylide 
anion may be intercepted by electrophiles, such as H 2 0, Br 2 , I 2 , carbonyl com¬ 
pounds including acid derivatives, and epoxides. Since aldehydo derivatives of car¬ 
bohydrates are easily accessible by selective protection or by oxidation of the pri¬ 
mary OH group of (protected) glycosides, the Corey-Fuchs method was widely ap¬ 
plied in the carbohydrate field (more than 60 papers), first by Tronchet and co¬ 
workers (see, for example, [56]). The method was used for the preparation of selec¬ 
tively labeled 6-[ 2 H]-D-glucoses (reduction of 36, epoxidation, and opening of the 
oxirane ring [57]), for the preparation of C-disaccharides (deoxygenation and hydro¬ 
genation of 37 [58-60]; Scheme 5.8), and for the preparation of 4'-ethynylated nu¬ 
cleosides (e. g., 38 [61-63]; for analogues of nucleic acids derived from 38, see [64, 
65]). Replacement of BuLi by the less nucleophilic NaN(SiMe 3 ) 2 in the elimination 



BnO 
BnO ' 


D 


36 


37 


38 X = OR or 
nucleobase 


39 


Examples of linear acetylenosaccharides obtained by the Corey-Fuchs method. 


Scheme 5.8 
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step allowed the epoxyalkyne 39 to be prepared from the corresponding aldehyde 
[22]. Toma and Lievre and their co-workers found conditions for the transformation 
of unprotected or partially protected aldopyranoses and -furanoses into terminal 
acetylenosaccharides; excess BuLi in THF at -70° was used for the elimination 
step [66, 67]. A Corey-Fuchs-type reaction was also described for lactones; lactones 
were transformed into dichloromethylene derivatives and further by treatment of 
the halide with Li sand in TFIF into hydroxyacetylenes (82-88%) [68]. 

The direct transformation of aldehydes into terminal acetylenes is feasible with 
dimethyl (diazomethyl)phosphonate and KO‘Bu in TFIF [69]. The first preparation 
of an acetylenosaccharide in low yields (17-22 %] by the use of dimethyl (diazo- 
methyl)phosphonate and BuLi as base was described by Tronchet and co-workers 
as early as 1974 [70]. Later on, both fully protected aldehydo-sugars [71, 72] and par¬ 
tially protected hemiacetals [73] were transformed (48-87 %) into terminal acetyle¬ 
nosaccharides by this method. 


5.3.1.4 By Substitution 

Primary OH groups of carbohydrates have been replaced by ethynyl moieties by 
substitution of a sulfonate, and by ring-opening of an epoxide or a cyclic sulfate. 
Whereas the 2-deoxytosylate 40 was easily transformed into the acetylene 41 [74] 
(Scheme 5.9), tosylates, bromides, and iodides possessing (3-oxygen substituents 


OTs 




LiC=CH, 

LiC=C-CH 2 OTBS, 

LiN(SiMe 3 ) 2 , BF 3 OEt 2 

DMSO, 10° 

THF/DMPU, -20° 

THF, -78° 


RC=CH, 

BuLi, THF, -5° 



47b R = C 6 H 13 (86%) 


Scheme 5.9 Acetylenosaccharides by substitution of the primary triflates 40 and 42, and by 
addition to the epoxide 44 and the cyclic sulfate 46. 
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are much less reactive [75]. Indeed, only the more reactive triflyloxy group of the 
disulfonate 42 was selectively replaced [75] (for other substitutions of primary 
TfO groups of saccharides, see [76, 77]). A 6-iodo-a-D-glucopyranoside was ethyny- 
lated by radicals generated by irradiation of (trifluoromethyl)sulfonylated acety¬ 
lenes with UV light [78]. 

Terminal epoxides and cyclic sulfates of carbohydrates are attacked by nucleo¬ 
philes at the less hindered methylene group. Such epoxides have been opened 
with acetylide anions in polar solvents such as liquid NH 3 or HMPA [79]. More 
convenient is the reaction in THF at low temperature and in the presence of a 
Lewis acid [80, 81]. Thus, the moderately strained ten-membered ring of the 
homo-neocarzinostatin analogue 45 was closed by an intramolecular nucleophilic 
substitution of the terminal epoxide 44 [82] (Scheme 5.9; see neocarzinostatin in 
Scheme 5.5). The readily accessible manno-c onfigured cyclic sulfate 46 reacted ex¬ 
clusively at the primary carbon to yield the linear acetylenes 47a and 47b [83]. 



48a X = Br, R = Ac 
48b X = Br, R = Bn 

48b 

48c X = Cl, R = Bn 


48d X = I, R = Ac 



PhC=C-MgBr, Et 2 0, reflux 
PhC=C-SnBu 3 , ZnCI 2 , CCI 4 , reflux 
PhC=C-AIEt 2 , toluene, 20° 
PhC=C-SnBu 3 , AgBF 4 , 

(CICH 2 ) 2 , -30 to 0° 
TIPS-C=C-S0 2 CF 3 , C 6 H 6i hv 


49a (49%, only p) 
49b (61%, only a) 
49b (58%, a/p 3:2) 
49b (73%, only a) 

49c (65%, a/p 12:1) 


BnO 

BnO 



C6H 13 C=C-SnBu 3 , AgBF 4 , (CICH 2 ) 2 , 0° 



C 6 H 13 C=C-AIEt 2 , toluene/hexane, 0° 




52 53 (50%, a/p 2:3) 

Scheme 5.10 Acetylenosaccharides by substitution of glucopyranosyl and 2-azido-2-deoxyglu- 
copyranosyl halides. 


Nucleophilic attack by alkynes on pyranosyl or furanosyl halides may a priori 
give mixtures of anomeric glycosylacetylenes. The diastereoselectivity depends 
upon the leaving group X, the nature of the protecting groups R (especially 
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RO—C(2)), and the reaction conditions (Schemes 5.10 and 5.11). In a (predomi¬ 
nantly) S n 2 reaction, the acetylated 1,2-cis-configured a-D-glucopyranosyl bromide 
48a reacted with PhC=C—MgBr to provide the p-D-glucopyranosylacetylene 49a ex¬ 
clusively [4], while the analogous more reactive benzylated halides 48b and 48c re¬ 
acted with PhC=C—SnBu 3 in the presence of a Lewis acid, or with PhC=C—AlEt 2 
by a S N 1 mechanism, to yield, either exclusively or predominantly, the a-D-gluco- 
pyranosylacetylene 49b [84-86] (Scheme 5.10). The retention of configuration 
and the axial attack of the acetylene are evidence of the formation of an intermedi¬ 
ate oxycarbenium cation. Replacement of the C(2)-benzyloxy group by an azido 
group has no influence upon the diastereoselectivity; 50 was transformed into 
the a-D-glucopyranosylacetylene 51 in 76% yield [87]. The (3-D-glucopyranosyl fluo¬ 
ride 52, however, reacted with C S H 13 C=C—AlEt 2 to give a mixture of anomers 53 
predominantly formed with retention of configuration [87], hinting at neighboring 
group participation by the azido group [88]. The a-D-anomer is favored in the radi¬ 
cal ethynylation of the acetylated iodide 48d [78]. 

a-o-Hexopyranosylacetylenes were exclusively obtained from TMSOTf-catalyzed 
reactions between a-D-hexopyranosyl acetates and Me 3 Si—C=C—SnBu 3 [89-92]; 
the SnBu 3 group is essential, as Me 3 Si—C=C—SiMe 3 did not react under a variety 
of conditions. 



54a X = Br, R = Bz 
54b X = Br, R = Bn 
54c X = Cl, R = Bn 


(PhC=C) 2 Hg, C 6 H 6 , 35° 55a (53%, a/p 1:2) 

PhC=C-SnBu 3 , ZnCI 2 , CCI 4 , reflux 55b (55%, a/p 26:74) 
HC=C-MgBr,THF 55c (69%, a/p 8:1) 


TrO 


°X° 


54d 


Ag-C=C-C0 2 Et, MeCN, r.t. 



55d (55-60%, a/p 1:3) 



C 6 H 13 C=C-AIEt 2 , toluene, 0° 



57 (85%, a/p >20:1) 


Scheme 5.11 Acetylenosaccharides by substitution of furanosyl halides. 
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A series of ribofuranosylacetylenes were prepared as intermediates in a synthesis 
of C-nucleosides featuring a 1,3-dipolar cycloaddition to these alkynes. The anome- 
ric mixtures of the furanosyl halides 54a [93], 54b [84], and 54c [94, 95], prepared in 
situ, were transformed into mixtures of anomeric ribofuranosylacetylenes 55 
(Scheme 5.11). In S N 1 processes, the isopropylidenated ribofuranosyl bromide 
54d [96] and the mannofuranosyl fluoride 56 [97] were mostly attacked from 
their less hindered exo sides to give 55d and 57, respectively. 



58 


RC=C-Li, ZnCI 2 , THF, -70 to 25° or 
HOC-Na, ZnCI 2 , THF, 0 to 25° or 
Me 3 Si-C=C-AIEt 2 , hexane, -95° 



Scheme 5.12 a-D-Glucopyranosylacetylenes from the 1 ,2-anhydro-a-D-g[ucopyranose 58. 


In the presence of a Lewis acid, the 1,2-anhydro-a-D-glucopyranose 58 was selec¬ 
tively transformed into the a-D-glucopyranosylacetylenes 59 with retention of con¬ 
figuration [98-100] (Scheme 5.12). 


AcO 

AcO 


OAc 



60 


RC=C-SiMe 3 , TiCI 4 or SnCI 4 
or BF 3 OEt 2 or lnBr 3 or l 2 


OAc 


AcO 


CH 2 CI 2 , s 25° 

R = Me 3 Si, Ph, PhS, alkyl, alkenyl, or alkynyl 



61 (75-99%) 


OAc 

AcO-^V^R 

AcO-X^A 

OAc 


1. RC=C-SiMe 3 , TiCI 4 or SnCI 4 
or BF 3 OEt 2 , CH 2 CI 2 , ^ 0° 

2. NaBH 4 , CeCI 3 7H 2 0 


62 R = Me 3 Si, PhS, alkyl, alkenyl, or alkynyl 
Scheme 5.13 3,7-Anhydro-D-octenynitols from glucals. 



OH 

63 (39-72%) 


The Ferrier rearrangement of glucals in the presence of silylated acetylenes af¬ 
forded 3,7-anhydro-D-araferno-oct-4-en-l-ynitols, as illustrated for the transforma¬ 
tion of 60 into 61 in Scheme 5.13 [101-103] (for reviews see [89, 90]). The S N 1 re¬ 
action is initiated by loss of AcO—C(3), resulting in an intermediate allyloxycarbe- 
nium ion that is intercepted by a pseudoaxially attacking silylated acetylene. The 
a-D-hex-2-enopyranosylacetylene 61 was epimerized to the (3-D-anomer by an 
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acid-catalyzed isomerization of its dicobalt hexacarbonyl complex [104]. Under the 
same conditions as used for 60, the 2-acetoxyglucal 62 was transformed into mode¬ 
rately stable 3,7-anhydro-D-threo-oct-5-en-l-yn-5-uloses and, thence, by reduction to 
the 3,7-anhydro-D-arafoino-oct-5-en-l-ynitols 63 [102]. 


5.3.1.5 By Addition to Aldehydes and Hemiacetals 

Unlike the Corey-Fuchs reaction, the addition of ethynyl or propargyl anions to 
carbohydrate-derived aldehydes and hemiacetals results, as a rule, in mixtures of 
epimers. Despite this disadvantage, there are over one hundred papers concerned 
with additions to aldehydes and over fifty with additions to hemiacetals. The pio¬ 
neering work in additions to fully protected aldehydo-saccharides was by Horton 
and co-workers [105], a typical example being the addition of HC=C—MgBr to 
the isopropylidenated glyceraldehyde 64 to provide a 44:56 mixture of the pro- 
pargylic alcohols 65a and 65b [106] (Scheme 5.14). The yield of the desired isomer 
may be increased by judicious choice of the reaction conditions, as illustrated by 


CHO 



64 


HOC-MgBr 
THF, 25°; quant. 


— OH HO- 



65a 44 :56 65b 



66 MeLi, MgBr 2 , Et z O, -30°; 75% 67a 75 : 25 

MeLi, HMPT, -78°; 50% 40 : 60 


67b 


r=NBn 



Me 3 SiC=C-Li 
THF,-78 to 0° 


CH 2 OBn 


SiMe3 


BnHN— 



CH 2 OBn 


SiMe 3 


— NHBn 



CH 2 OBn 


68 no Lewis acid; 17% 69a >99: 1 69b 

BF 3 OEt 2 ; 55% < 1 : 99 

Scheme 5.14 Acetylenosaccharides by addition to protected aldehydo- and iminosaccharides. 
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the transformation of 66 into 67a and 67b in ratios ranging from 75:25 to 40:60 
[107], by the transformation of the unwanted isomer into the desired isomer 
through a Mitsunobu reaction (see, for example [108-111]), or by oxidation of 
the epimeric alcohols to the ynone followed by reduction with Selectrides [112]. 

The propargylic amines 69a and 69b were obtained with excellent diastereoselecti- 
vity, albeit in low to moderate yields, by the addition of Me 3 Si—C=C —Li to the 
aldimine 68 [113]. 

In the context of the preparation of oligonucleotide analogues in which the phos¬ 
phate is replaced by an ethynediyl bridge between C(5') and either C(6) of an ad¬ 
jacent uridyl or C(8) of an adjacent adenyl unit, we added Me 3 Si—C=C —MgBr to 
the aldehydes 70a [114] and 70b [115] (Scheme 5.15). The yield and the ratio of the 
d -alio- and the i-talo-configured products depend on the nucleobase (U: 61-63%, 
71a/71b 2:1; A^-Bz-A: 41-42%, 71c/71d 1:1), but not on the silyl substituent. 
Independently and in another context, the addition to 70b was also described by 
Matsuda et al. [116]. 



70b Base = A^-Bz-A, R = Me or Et: 41-42% 71c 1:1 71d 

Scheme 5.15 Acetylenosaccharides by addition to (3-D-ribo-pentodialdofuranosyl nucleosides 70a 

and 70b. 


The addition of acetylide anions to hemiacetals produces epimeric mixtures of 
acyclic dihydroxyacetylenes. Although the first experiment was described by Chil¬ 
ton and co-workers [117], the reaction was investigated thoroughly by Buchanan’s 
group [94, 118, 119]. In a typical example, the mannofuranose 72 gave the epimeric 
diols 73a and 73b in 65 and 5 % yields, respectively (Scheme 5.16). Upon treatment 
with TsCl in pyridine, the more reactive propargylic hydroxy group of 73a was se¬ 
lectively tosylated. Intramolecular substitution then provided (with inversion of 
configuration) the P-D-mannofuranosylacetylene 74. Although additions to pyra- 
noses have also been described (see, for example, [60, 120, 121]), the ring-closing 
reaction has only been used for the preparation of glycofuranosylacetylenes. The 
glucopyranosyl hydroxylamine 75 was transformed via the tautomeric hydroxyni- 
trone into the propargylic hydroxylamines 76a and 76b [122], and the 2-hydroxypyr- 
rolidine 77 was selectively converted into the hydroxy tosylamide 78 [123]. 
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HC=C-MgBr 


THF 




TsCI 

THF 



74 (75%) 



OBn 


OH 

I 

N 

Bn 


75 




RO-CHMe-C=C-Li 


THF,-78 to 25° 


R = (CH 2 ) 3 CH=CH 2 


77 



Scheme 5.16 Acetylenosaccharides by addition to hemiacetals and to N.O-acetals. 


5.3.1.6 By Addition to Lactones and Lactams 

Addition of acetylides to lactones gives hemiacetals, the first additions having been 
performed with y-lactones [124]. Interest in this reaction increased when Kraus and 
co-workers published a mild and selective deoxygenation of such hemiacetals by 
treatment with Et 3 SiH and BF 3 ■ OEt 2 in CH 2 C1 2 at -78° [125]. Thus, Sinay and 
co-workers transformed the gluconolactone 79 selectively into the (3-D-glucopyrano- 
sylacetylene 80 [126] (Scheme 5.17). Glucono- and galactono-1,5-lactones yield |3-d- 
pyranosylacetylenes exclusively and mannonolactones predominantly (a/(3 ca. 2:5) 
[92, 127, 128]. This route to (3-D-pyranosylacetylenes thus complements that based 
on reactions between acetylenes and glycopyranosyl acetates, which exclusively af¬ 
fords a-D-pyranosylacetylenes (see Section 5.3.1.4). The reduction of a furanose-der- 
ived hemiacetal with Et 3 SiH and BF 3 ■ OEt 2 predominantly resulted in a 1,2 -trans 
glycofuranosylacetylene (trans/cis 4:1 [129]). Addition of RC=C —Li to a pentono- 
1,4-lactam followed by NaBH 4 reduction provided a ca. 3:1 mixture of the corre¬ 
sponding 6-aminated 3-hydroxy-hept-l-ynitols [130]. 
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BnO 

BnO 



BnO N 0 

79 


1. ROC-Li, THF, -78 to -40° 

2. Et 3 SiH, BF 3 OEt 2 , MeCN/CH 2 CI 2 , -40° 


R = CH 2 CH 2 OBn 



BnO 

80 (72%) 


Scheme 5.17 Transformation of the lactone 79 into the P-D-glucopyranosylacetylene 80 by addi¬ 
tion and Et 3 SiH reduction. 


We prepared the |3-D-glucopyranosylacetylene and -buta-l,3-diyne moieties of 81 
[131] and 82 [132] by addition of silylated acetylene and buta-l,3-diyne to a glucono- 
1,5-lactone and subsequent reduction with Et 3 SiH (Scheme 5.18). A Bergman-Ma- 
samune-Sondheimer rearrangement of the di(glucosylacetylene) 81 gave 3,4-di- 
(P-D-glucopyranosyl)naphthalenes; the intermediate diradical regioselectively ab¬ 
stracted two H-atoms from the PhCH 2 0—C(2) groups. The 1,8-dialkynylated 
anthraquinone 82 (n = 6), bearing two parallel cellooligoside chains, is a model 
for cellulose I. The rigid C=C and C=C—C=C linkers fix the chains in a parallel 
orientation and also mimic the phase shift between the chains. Indeed, the CP- 
MAS solid-state 13 C NMR spectrum of 82 (n = 6) resembles that of native cellulose 
(mixture of celluloses I a and I p ) [133]. 



Scheme 5.18 Acetylenosaccharides 81 and 82. 


5.3.1.7 From Non-Carbohydrate Precursors 

Raphael transformed the pentenynol 83a into a mixture of dl- and meso-pent-4- 
yne-l,2,3-triols by oxidation with performic acid [2] (Scheme 5.19). Independently 
of one another, we [134] and Oehlschlager and Czyzewslca [135] were the first to 
demonstrate that the triple bonds in the pent-2-en-4-yn-l-ols 83a and 83b are 
not attacked under the conditions of the Sharpless epoxidation [16]. Later on, sev¬ 
eral 2,3-epoxy-pent-4-yn-l-ols were prepared by Sharpless epoxidation (see, for ex¬ 
ample, [136, 137]) and 1,2-epoxy-pent-4-yn-3-ols by Sharpless kinetic resolution 
[17] (see, for example, [138, 139]). Optical active pent-4-yn-l,2,3-triols were also ob- 
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CH 2 OH 


Ti(0'Bu) 4 , (-)-DET, 'BuOOH 
CH 2 CI 2 or CH 2 CI 2 /MeCH=CMe 2 , s -20° 


R 



CH 2 OH 


83a R = H 
83b R = C-|3H 2 7 

Scheme 5.19 Sharpless epoxidation of the enynols 83a and 83b. 


84a R = H (43%) 
84b R = C 13 H 27 (72%) 


tained by a Sharpless asymmetric dihydroxylation [140] of pent-2-en-4-ynoates and 
subsequent reduction of the ester moiety [141]. 

Aldol reactions between propargylic aldehydes and 2-oxygenated ketene silyl 
0,0- or 0,S-acetals with subsequent reduction of the ester or transformation of 
the thioester into an aldehyde, followed by a second aldol reaction, provided 
pent-4-yne-l,2,3-triols [142, 143]. 

5.3.2 

Preparation of Branched-Chain Acetylenosaccharides 

Introduction of an allcynyl moiety at an internal C-atom of a saccharide is, in gen¬ 
eral, more difficult than at a terminal C-atom. Alkynyl groups have been intro¬ 
duced at internal C-atoms in saccharides by substitution of iodides, opening of 
epoxides, addition to carbonyl groups, and through Wittig-type reactions of 
branched-chain aldehydo-saccharides. 


5.3. 2.1 By Substitution 

Substitution of a saccharide-derived secondary triflate or halide by the poorly nu¬ 
cleophilic acetylide anions is hampered by the adjacent O-substituents, so it is 
not surprising that radical reactions have been used for the introduction of alkynyl 
groups. Upon irradiation with UV light (300 nm), the 3-iodo-allofuranose 85 re¬ 
acted with TIPS —C=C —S0 2 CF 3 to afford the gluco-configured acetylene 86 [78] 
(Scheme 5.20). In radical atom-transfer reactions, the iodides 87 and 89 were trans¬ 
formed into 5-[(trimethylsilyl)iodomethylene]-l-sil-2-oxolanes and thence, by treat¬ 
ment with TBAF, into the alcohols 88 and 90, respectively [144]. This intramolecu¬ 
lar alkynyl transfer always results in 1,2-cis hydroxyacetylenes and complements 
the alkynylating opening of epoxides. 

Opening of the D-lyxo epoxides 91 with LiC=CH • (H 2 NCH 2 )2 gave rise to the d - 
arabino hydroxyacetylenes 92 in 66-74% yields [145-147] (Scheme 5.21). Regiose- 
lective addition of acetylides to 2,3- and 3,4-epoxy-ribopyranosides [148-151] and to 
an epoxy-epi-inositol [152] have also been described. The homopropargyl alcohol 94 
was obtained in moderate yields from the spiroepoxide 93 [153]. Glucopyranosides 
ethynylated at C(2) and C(4) were best prepared by substitution of l,6:2,3-dianhy- 
dro-P-D-mannopyranoses and l,6:3,4-dianhydro-(3-D-galactopyranoses, respectively, 
as illustrated by the transformation of 95 into 96 [154] (see also Section 5.4.2 for 
a route to diethynylated monosaccharides). 
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tips-c=c-so 2 cf 3 , 

1. Et 3 B, toluene 

(Bu 3 Sn) 2 , hv, C 6 H 6 , 35° 

2. TBAF, THF 



SiMe 3 


Scheme 5.20 Homolytic substitution of the iodides 85, 87, and 89, affording branched-chain 
acetylenosaccharides. 



91 Base = U or T 



LiC=CH(H 2 NCH 2 ) 2 

LiC=CH (H 2 NCH 2 ) 2 

DMSO, 20° 

THF, Oto 20° 


1. Toluene , 80° 

2. TBAF, THF 



Base 


92 (66-74%) 




Scheme 5.21 Branched-chain acetylenosaccharides from epoxides. 
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5.3.2.2 By Addition to C = 0 Groups 

About 50 publications dealing with the addition of acetylenes to aldosulopyrano- 
sides and -furanosides have been published since the first reports by Overend 
and co-workers in 1965 and 1970 [155]. Mixtures of epimeric propargylic alcohols 
are expected, but the (mostly steric) influence of adjacent substituents may give 
diastereoselective addition. Thus, exo-attack is strongly preferred in the addition 
to l,2-0-isopropylidene-ald-3-ulofuranoses [156-161] (such as 97; Scheme 5.22) 
and to l,2:4,5-di-0-isopropylidene-p-D-erytkro-hex-2,3-diulopyranose [162, 163]. Se¬ 
lective deuteriation and modification of 98 followed by cleavage or degradation of 
the glucosyl moiety has allowed optically active glycine, 3-alkylmalic acids, and 
monodeuteriated glycerols to be prepared [164]. Potassium ascorbate reacted 
with propargyl bromide to provide the 2-C-propargyl derivative [165]. 




Scheme 5.22 Diastereoselective exo -addition of HC=C—MgBr to the hexulose 97. 


Ethynylated nucleosides have gained ample interest as antiviral, antitumor, and 
anticancer agents (see Section 5.6), and much effort has been devoted to their se¬ 
lective preparation. Addition of Me 3 SiC=C —Li to the fully protected pent-3-ulofur- 
anosyl nucleosides 99a gave a 3:7 to 4:6 mixture of the v-ribo- and D-xylo-confi- 
gured propargylic alcohols 100a and 100b [166] (Scheme 5.23). High yields of the 
d -xylo alcohols 100b and 101b were obtained through the use of Me 3 SiC=C—CeCl 2 
[166] and HC=C—MgBr [167] as nucleophiles. As a result of neighboring group 
participation, however, the d -ribo diols 102a were nearly exclusively obtained 
from the reaction between Me 3 SiC=C—CeCl 2 and the pent-3-ulofuranosyl nucleo¬ 
sides 99b unprotected at HO—C(5') [166]. This reaction is the key step of a labora¬ 
tory-scale synthesis of the anticancer drug 3'-C-ethynylcytidine [168] (see [169] for 
its 4'-thio analogue). Me 3 SiC=C—CeCl 2 attacks fully protected 2-deoxy-D -glycero- 
pent-3-ulofuranosyl nucleosides and l,3,5-tri-0-benzoyl-a-D-erythro-pent-2-ulofura- 
nose exclusively from the less hindered side [170, 171]. 

Deoxygenation of non-anomeric propargylic alcohols with Et 3 SiH and BF 3 ■ OEt 2 
(see Section 5.3.1.6) was sluggish, yielding less than 10% of the desired product 
[172]. Matsuda and co-workers found a stereoselective method for the deoxygena¬ 
tion of such non-anomeric propargylic alcohols [173]. The alcohol 104 was trans¬ 
formed into the mixed (methoxy)oxalyl ester 105 (Scheme 5.24). Treatment of 
this ester with Bu 3 SnH and AIBN afforded the D-arabinofuranosyluracil 106 
with inversion of configuration at the propargylic center. This reduction with 
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Base 


0SiMe2*Bu 


Base = A or U 


99a R = SiMe^Bu 

99a 

99a 

99b R = H 



Me 3 SiC=C-Li, THF; 71% 

Me 3 SiC=C-CeCI 2 , THF, -78°; 81% 100a <; 5:95 100b 

HC=C-MgBr, THF, 25°; 78% 101a 7:93 101b X = H 

Me 3 SiC=C-CeCI 2 , THF,-78°; 75% 102a > 98 : 2 102bX = SiMe 3 


Scheme 5.23 Dependence of the diastereoselectivity upon the nature of the nucleophile and the 
protection at HO—C(5') in 99. 



106 (68% from 104) 105 SiMe 3 


Scheme 5.24 Inverting deoxygenation of the propargylic alcohol 104. 


Bu 3 SnH has been applied to other systems, and as far as we know, has always pro¬ 
ceeded with inversion of configuration [174, 175]. 


5.3.2.3 By Sequential Formylation/Wittig-Type Alkynylation 

Alkynyl moieties have been introduced at C(4) of furanosides by application of the 
Corey-Fuchs reaction to branched-chain 4-formyl-furanosides [176-178] as illus¬ 
trated by the transformation of 107 into the ethynylated uridine 110 via 108 and 
109 (Scheme 5.25). The Corey-Fuchs reaction has also been used for the prepara¬ 
tion of 3'-deoxy-3'-ethynylthymidine [179], but to the best of our knowledge no ex¬ 
ample of a similar alkynylation at C(5) of pyranosides has been described. 
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o= 



1. CH 2 =0, NaOH, H 2 0; 39 % 


2. selective protection; 72 % 


'BuMe 2 SiO OSiMe 2 'Bu 

107 



(CI 3 CCO) 2 0, DMSO 
CH 2 CI 2 , -78° 



Scheme 5.25 Introduction of an ethynyi group at C(4') in the nucleoside 107. 


The 4-deoxy-4-ethynyl-a-D-glycopyranosides 113 were prepared by addition of 
Me 3 SiC=C—Li to the hex-4-ulopyranoside 111, resulting in a 2:3 mixture of the 
gluco- and galactopyranosides 112a and 112b [172] (Scheme 5.26). Deoxygenation 
of this epimeric mixture gave the desired products 113a and 113b, though in very 
poor yields (< 10 % of a 1:1 mixture). Better results were obtained by application of 
the Corey-Fuchs reaction [172]. The required aldehyde 115 was prepared from 111 
in four steps via 114 (olefmation, hydroboration, oxidation, and Swern oxidation). 
Treatment of 115 with Et 3 N shifted the position of the gluco/galacto equilibrium of 
115 (1:2) in favor of the gluco isomer, and only the gluco -configured alkyne 113a was 
observed as a product of the subsequent Corey-Fuchs reaction. Thus, 113a was ob¬ 
tained from 111 in six steps and in 29% overall yield. We have described a shorter 
route to the analogue 118 from the galactoside 116 [180]: 118 was obtained by sub¬ 
stitution with CN” to give 117, reduction to the aldehyde, and Corey-Fuchs reaction 
in four steps and in 65 % overall yield. This route is still lengthy, however, if allow¬ 
ance for the preparation of 116 from galactose is made, though a more convenient 
route from levoglucosan has been described (see Section 5.4.2.1). 







5 . 4 Preparation of Dialkynylated Acetylenosaccharides 


193 


SiMe 3 




1. Ph 3 P=CH 2 , THF 

2. Thexylborane, THF 

3. H 2 O z , NaOH, THF/H 2 0 



I I II , /OIU *tu 

114 ( 45 %) 115 (mostly Glc) 113a (65% from 114) 




1. DIBAH, 
THF/CH 2 CI 2 , 
-20 to 20 ° 

2. Corey-Fuchs 
reaction 



118 (80%) 


Scheme 5.26 Preparation of 4-deoxy-4-ethynyl-a-D-glucopyranosides. 


5.4 

Preparation of Dialkynylated Acetylenosaccharides 


Dialkynylated monosaccharides can possess either a linear or a branched carbon 
chain. The former are obtained by formal introduction of an alkynyl moiety at 
both ends of the monosaccharide chain and the latter by formal addition of at 
least one alkynyl group to a non-terminal C-atom. 

5.4.1 

Linear Dialkynylated Acetylenosaccharides 

Application of the alkynylating ring-opening of epoxides has been restricted to C 2 - 
symmetric diepoxides: namely the l,2:5,6-dianhydro-D-mannitol 119 [181-184] 
(Scheme 5.27) and l,2:4,5-dianhydro-3-0-benzyl-D-arabinitol [185]. This avoids 
the problem of regioselectivity. The mannitol derivative 120 is an easily accessible, 
enantiomerically pure starting material for the synthesis of leukotrienes; cleavage 
of the C(3)—C(4) bond of the corresponding 2,5-di-O-protected diol with NaIQ 4 
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yielded two equivalents of an ethynylated aldehyde. Treatment of 119 with the hexa- 
1,5-diyne 121 derived from diethyl L-tartrate (reduction and Corey-Fuchs reaction) 
gave the C 2 -symmetric cyclododeca-l,5-diyne 122, albeit in only 30% yield [184]. 



CgHnOC-Li 



BuLi, BF 3 OEt 2 , 
THF, -78° 



C 5 Hn 


C 5 Hh 


120 (80%) 


HO 



Scheme 5.27 Diethynylated saccharides 120 and 122 from the C 2 -symmetric diepoxide 119. 


5.4.2 

Branched Dialkynylated Acetylenosaccharides 

Gossauer and co-workers described the preparation of the 3',5'-diethynylated nu¬ 
cleoside analogues 124a and 124b (Scheme 5.28) in 1995 [186]. The known 3'-ethy- 
nyluridine 92 (Scheme 5.21) was transformed into the aldehydes 123a and 123b by 
standard reactions, and thence, by a Corey-Fuchs reaction, to the 3',5'-diethyny¬ 
lated nucleosides 124a (40% overall yield) and 124b (12% overall yield). Although 
the oligomerization of 124b has been announced, no publication describing such a 
reaction has yet appeared. 




123a R = OAc (60%) 
123b R = H (21%) 


Corey-Fuchs 

reaction 



124a R = OH (66%) 
124b R = H (59%) 


Scheme 5.28 Preparation of the diethynylated nucleoside analogues 124a and 124b. 
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Together with our 4-O-alkynyl-P-o- and -a-D-glycopyranosylacetylenes (see Sec¬ 
tions 5.4.2.1 and 5.4.2.2; for a review see [187]) and an announcement of the syn¬ 
thesis of 1,4-ethynylated oligomeric glucopyranosyl derivatives [188] published only 
in a Ph. D. thesis [189], 124a and 124b are the only branched-chain dialkynylated 
acetylenosaccharides described so far. 


5.4. 2.1 4-O-Alkynyl-p-D-glucopyranosylacetylenes 

Intraresidue, intrachain-interresidue, interchain, and even intersheet hydrogen 
bonds are found in celluloses (see [132, 190] and quoted references). To prepare 
an oligomeric cellulose model devoid of intrachain-interresidue H-bonds, we re¬ 
placed O—C(4) by a longer and rigid linker to prevent the formation of the (strong) 
interresidue H-bond between HO —C(3) and O—C(5) of the adjacent glucosyl unit. 
The buta-l,3-diynediyl linker has the advantage over the ethynediyl linker of allow¬ 
ing the preparation of oligomers by heterocoupling of 4-ethynyl-P-D-glucopyrano- 
sylacetylenes; a binomial synthesis indeed proved to be particularly effective. 

Preparation of the diethynylated monomer from levoglucosan appeared conveni¬ 
ent [154]. In a first approach, addition of Me 3 SiC=C—Li to the easily accessible 
l,6:3,4-dianhydro-P-D-galactopyranose 125 (three steps from levoglucosan) gave 
the 4-ethynylated l,6-anhydro-(3-D-glucopyranose 126 (69%), which was trans¬ 
formed into the gluconolactone 129 (70% overall yield) in five steps (via 127 and 
128) [180] (Scheme 5.29). Under standard conditions (Me 3 SiC=C—Li, TiCl 4 , 
THF, -78° and Et 3 SiH, BF 3 ■ OEt 2 , MeCN/CH 2 Cl 2 ), 129 yielded 86% of the desired 
monomer 130. 




Me 3 Si 


SiM e 3 i Addition 


2. Deoxygenation 



OAc 
O 


BnO 


BnO O 
129 (89%) 



TMSOTf, 
Ac 2 0, -20° 



Scheme 5.29 Preparation of the 4-ethynyl-fS-D-glucopyranosylacetylene 130. 
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The route to 130 was shortened by combining the inverting allcynylation at C(4) 
with a retaining alkynylation at the anomeric center. Treatment of 131 with an 
eightfold excess of Me 3 SiC=C—Li and Et 2 AlCl in toluene/THF at 90° gave an 
81 % yield of the disilylated diacetylene 132a [180] (Scheme 5.30). The orthogonally 
protected analogue 132b was similarly prepared in two steps and 53 % overall yield 
from 131, via 133 [191]. The exclusive formation of the (3-D-glucopyranosylacetylene 
was explained by the postulated binding of alkynylated Lewis acid to HO—C(3) and 
O—C(6) to afford the intermediate A. Ring-opening to the conformationally biased 
oxycarbenium ion B and intramolecular acetylide transfer selectively affords 132a 
and 132b. 



Me 3 SiC=C-Li (8 eq.), 
Et 2 AICI (8eq.) 

toluene/THF, 90° 


OTIPS 


131 


TIPS-DOPS-C=CH, 

BuLi, AIMe 3 , toluene, 75° 


Me 3 Si 




SiMe 3 



SiMe 3 


SiMe 3 


B 



SiMe 3 


Scheme 5.30 Improved preparation of 4-ethynyI-|3-D-glucopyranosylacetylenes. 


Conditions for orthogonal, regioselective monodesilylation of 132a, based on the 
different electrophilic and nucleophilic properties of the anomeric (propargylic) 
and the C(4) (homopropargylic) ethynyl groups, have been reported (Scheme 
5.31). Treatment with BuLi in THF cleaved the anomeric (trimethylsilyl)ethynyl 
group (yielding 70 % of 134a besides 20 % of the completely C-desilylated product), 
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whereas use of AgNO z and KCN in MeOH/H 2 0 cleaved the non-anomeric (tri- 
methylsilyl)ethynyl group (95 % of 135) [192]. The orthogonally protected diace¬ 
tylene 132b (substituted with the newly developed DOPS group) was selectively 
monodesilylated to provide both 134b (0.25n NaOMe in MeOH; 94%) and, in 
two steps, 135 (O.OIn HC1 in EtOH and cat. BuLi in THF at -78°; 94%) [191]. 
Treatment of equimolar amounts of 134a and 135 with Cul in pyridine gave 
only the homocoupled dimers, while Cadiot—Chodkiewicz coupling between an 
O-protected iodoacetylene derived from 134a and 135 and subsequent deprotection 
gave the heterocoupled dimer 136a (64 % of the hetero-dimer together with 20 % of 
the homo-dimer derived from 135) [192]. 


RMe 2 Si 



SiMe 3 


132a R = Me 

132b R = CMe 2 CH 2 CH 2 OSi(CHMe 2 ) 3 


132a: BuLi,THF, 25° 

132b: 025 N NaOMe, MeOH 


132a: AgN0 2 ,KCN, 

MeOH/H 2 0, -20° 
132b: Q01N HCI, EtOH, 45° 
cat. BuLi, THF, -78° 



134a (70%) 
134b (94%) 


135 (95% from 132a) 
(94% from 132b; 



136a n = 0 
136b n= 2 
136c n = 6 
136d n = 14 


The elaboration of orthogonal protecting groups for the diacetylene moieties 
(compare 132b) and improved reaction conditions allowed the preparation of the 
tetramer 136b, the octamer 136c, and the hexadecamer 136d in a binomial synthe¬ 
sis [191, 193]. The desired heterooligomer was always accompanied by minor 
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amounts of the homo-dimer derived from the ethynyl component. The reactivity of 
the oligomers decreased with increasing chain length, resulting in a decrease in 
the overall yield of a binomial cycle from 63 % for the tetramer to 59 % for the oc- 
tamer and to 49 % for the hexadecamer. The hetero-dotriacontamer could not be 
prepared because of the poor reactivity of the hexadecameric coupling partners, 
but the isomeric homo-dimer of the ethynylated hexadecamer was obtained in 
35 % yield. The hexadecamer 136d has a rod-like structure with a length of 
150 A. High-resolution (transmission) electron microscopy (HREM) of 136d 
showed domains of molecules in a parallel arrangement, but the resolution did 
not allow to assign a parallel or antiparallel orientation of the chains, or a phase 


shift. 


The repeating unit of celluloses is the cellobiosyl unit. In a second model series, 
we therefore prepared the oligomers 140b-d, in which the cellobiosyl units are se¬ 
parated by buta-l,3-diynediyl moieties [194] (Scheme 5.32). The monomeric dial- 
kyne 139, characterized by ethynyl groups in adjacent glucosyl units, was conveni¬ 
ently prepared by glycosidation of two suitably monoethynylated glucosides. The 
glycosyl donor 137 was obtained by addition of acetylene to l,6:3,4-dianhydro-(3- 
o-galactopyranose, followed by transformation of the product into the (3-D-thioglu- 
copyranoside, while the glycosyl acceptor 138 was prepared from an appropriately 
protected glucono-1,5-lactone or by an ethynylating ring-opening of a levoglucosan 
derivative. A binomial synthesis provided the dimer 140b, the tetramer 140c, and 




OAc 


OBn 


137 


138 


NIS, TfOH, toluene, 0° 



139 (86%) 


140a n = 1 
140b n = 2 
140c n = 4 
140d n = 8 



OH 


OH 


Scheme 5.32 Preparation of the diethynylated cellobiose 139 for the synthesis of the oligomeric 
cellulose analogues 140b-d. 
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the octamer 140d. Force-field calculations suggest that 140d is not a good mimic 
for celluloses, as it tends to adopt a linear, corrugated, or a helical conformation 
with six to seven monomers per turn. 


5.4.2.2 4-O-Alkynyl-a-D-glucopyranosylacetylenes 

4-Ethynyl-a-D-glucopyranosylacetylenes were used for the preparation of cyclodex¬ 
trin analogues free of inter-residue hydrogen bonds [195]. A monomeric unit was 
prepared from the 4-ethynylated levoglucosan 141 which was transformed into an 
1:2 a/|3 mixture of the glucopyranosyl chlorides 142 [196] (Scheme 5.33). Under 
standard conditions (see Section 5.3.1.4), 142 gave the desired diacetylene 143 in 
moderate yields (31 %) together with 29% of the a-D-glucopyranosylbenzene deriv¬ 
ed from 142 by formation of a C—C bond between C(l) and an ortho- C-atom of 
BnO—C(2) (compare with the intramolecular Friedel—Crafts alkylation of 2-O-ben- 
zylated glycosides described by Martin et al. [197]). An inverting alkynylating ring¬ 
opening of levoglucosans gave better results. Upon Lewis-acid promoted ring-open¬ 
ing of 145, obtained from 141 via 144, the C(2)0-silyl substituent was transferred to 
the anomeric center with inversion of configuration. O-Desilylation yielded 87 % of 
the triol 146. 






O-Protection and orthogonal transformations of the acetylene groups of 146 
allowed sequential Cadiot—Chodkiewicz cross-couplings and resulted in the 
construction of linear oligomers. Intramolecular Cadiot—Chodkiewicz coupling 
of the oligomers provided the C 3 -symmetric trimer 147, the Cj-symmetric trimer 
148, and several tetra-, penta-, and hexamers, such as the D 2 -symmetric 149 
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[195] (Scheme 5.34). These cyclic acetylenosaccharides may, like cyclodextrins, act 
as hosts for small molecules, as illustrated by the formation of a complex between 
149 and d - or L-adenosine. 


OH 



Scheme 5.34 Buta-1,3 -diynylated analogues of cyclodextrins. 


Replacement of single glycosidic O atoms in cyclodextrins by a buta-1,3-diynediyl 
group affords cyclodextrin analogues in which the cooperative HO—C(2) and 
HO—C(3) flip-flop H-bond network is interrupted, as evidenced by downfield shifts 
of the two HO groups adjacent to the buta-1,3-diynediyl group in DMSO-d 6 [198, 
199). The y-cyclodextrin analogue 150 (Scheme 5.35) was prepared by an improved 
selective acetolysis of one glycosidic bond of a-cyclodextrin (compare [200]), two 
glycosidation reactions of the intermediate hexaoside (first acting as glycosyl accep¬ 
tor to a 4-ethynylglucoside and then as glycosyl donor to an a-D-glucopyranosyl- 
acetylene), and a ring-closure of the resulting diacetylene with Cu(OAc) 2 in 
MeCN/pyridine at 80° (50% yield in the ring-closing step; Scheme 5.35). The gly¬ 
cosidation gave access to isomers of 150 possessing one or two cellobiosyl units. 
The (3-cyclodextrin analogue 151 was obtained by selective monoacetolysis of a-cy¬ 
clodextrin, followed by introduction of an O-propargyl moiety, glucosidation with a 
4-ethynyl-thioglucoside, and ring-closure. Hexa-2,4-diyne-l,6-dioxy analogues were 
also prepared by introduction of two propargyl moieties followed by intramolecular 
coupling. 
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150 151 

Scheme 5.S5 Monobuta-1,3-diynylated analogues of y- and (S-cyclodextrin. 


5.4.2.3 4-O-Alkynyl-a/p-D-hexopyranosylacetylenes derived from Mannose 
and from GIcNAc 

1,4-Diethynylated GIcNAc derivatives could not be prepared from levoglucosan, as 
l,6-anhydro-2-azido-4-deoxy-4-ethynyl-|3-D-glucopyranose and the corresponding 
amine did not react to afford the expected pyranosylacetylenes under a variety of 
conditions [201]. These GIcNAc derivatives were therefore prepared from 4-ethy- 
nyl-D-mannopyranosylacetylenes. Treatment of the l,6:3,4-dianhydro-P-o-talopyra- 
nose 152 with 3 equivalents of Me 3 Si—C=C —Li/AlMe 3 at 65° gave the manno-c on- 
figured acetylene 153 which was O-silylated to provide 154 (Scheme 5.36). With 10 
equivalents of the same reagent and at 80°, 154 was transformed into the a-D-man- 
nopyranosylacetylene 155. C-Desilylation to 156, followed by treatment with 
Cu(OAc) 2 in pyridine, selectively gave the C 2 -symmetric dimer 157 (77%), which 
surprisingly cyclized to the strained cyclodimer 158 at 100° (71 %; structure estab¬ 
lished by X-ray analysis); no trace of the expected tetramer was found. 

The 1,4-diethynylated GIcNAc derivative 161 was obtained from the disilyl ether 
156 by complete desilylation to afford 159, selective silylation of HO—C(6) and the 
equatorial HO—C(3), triflation of HO —C(2), substitution by azide, and reduction 
of the resulting azide 160 followed by acetylation (Scheme 5.37). Upon treatment 
with Cu(OAc) 2 in pyridine, 161 reacted to give the corresponding 1,4-dipyranosyl- 
buta-l,3-diyne selectively (83%), the C(4)-ethynyl group of 161 presumably being 
protected by the bulky TIPSO —C(3) substituents. This hypothesis is in keeping 
with the observation that oxidation of the alcohol 162 provided the Q-symmetric 
trimer 163, albeit in only 33% yield. 

We expected that Me 3 Si—C=C—Li/AlMe 3 should react with HO—C(3) of the 
mannoside 153 to afford p-D-mannopyranosylacetylenes with retention of confi- 


x O 
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OH 



158 (71%) 157 (77%) 156 (98%) 

Scheme 5.36 Preparation of the 4-ethynyl-a-D-mannopyranosylacetylene 156 and its transfor¬ 
mation into the dimer 158. 


OH 


OH 




1. TIPSOTf, then Tf 2 0, 
CH 2 CI 2 /pyridine, 
-16 to 23° 

2. NaN 3 , DMF, 90° 


OTIPS 




Scheme 5.37 Preparation of the GIcNAc-derived 4-ethynyl-a-D-pyranosylacetylene 161 and its 
transformation into the trimer 163. 
























5 .5 Transformations of Acetylenosaccharides 


203 


guration at the anomeric center (Scheme 5.38). The desired diacetylene 165 was 
indeed obtained (65%), together with the enyne 164 (17%). Under the reaction 
conditions, TIPSO—C(2) was partially cleaved and HO—C(2) allowed or promoted 
the attack of Me 3 Si—C=C —Li on the anomeric ethynyl group. The analogous reac¬ 
tion sequence as described for the a-D-anomer 156 transformed 166 into the 
diethynylated GlcNAc derivative 167. 



1 . TFA, H 2 0/THF/MeOH, reflux 

2. TIPSOTf, then Tf 2 0, CH 2 CI 2 /pyridine 


OTIPS 



SiMe 3 


Me 3 Si 


1 . NaN 3 , DMF,0°; 70% 

2. Zn, CUSO 4 5H 2 0, 
THF/Ac 2 Q/AcOH; 60% 



SiMe 3 


166 (89%) 


Scheme 5.38 Preparation of 4-ethynyl-P-D-glucopyranosylacetylenes of mannose and GlcNAc. 


5.5 

Transformations of Acetylenosaccharides 

Much of the value of alkynes other than that deriving from their structural proper¬ 
ties results from their ready transformation, by selective reduction to cis- and trans- 
alkenes, for example, or by addition of HX (X = halogen, OR, SiR 3 , SnR 3 , SR, and 
others), cycloaddition, radical cyclization, addition to electrophiles, and cross-cou¬ 
pling (see [202] for a review). This section focuses on ring-forming and coupling 
reactions, while simple transformations of acetylenosaccharides are not discussed. 
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5.5.1 

Ring-Forming Reactions 

5.5.1.1 Cycloadditions and Cyclocondensations 

Intermolecular cycloadditions and cyclocondensations of acetylenosaccharides have 
been widely used, especially for the preparation of C-nucleosides. Thus, 1,3-dipolar 
cycloadditions to azides, diazoallcanes, azomethine imines, and nitrile oxides have 
provided triazoles, pyrazoles, pyrazolines, and isoxazoles, respectively [93, 96, 203- 
210] (for a recent monograph on 1,3-dipolar cycloadditions, see [211]). Cyclocon¬ 
densations of propiolaldehydes and 2-ynones with hydrazines or hydroxylamine 
have given pyrazoles and isoxazoles [212-215]. The propiolate 168 reacted with 
guanidine to give the C-ribofuranosylpyrimidine 169 [96] (Scheme 5.39). In the 
context of the elucidation of the mechanism of P-glucosidases, the triazoles 171a, 
171b, and 173 were prepared through intramolecular 1,3-dipolar cycloaddition of 
the corresponding azidoacetylenes (primary products from 170 and 172, respec¬ 
tively) [216, 217]. 


C0 2 Et 



168 


170 (1:1 mixture) 



Guanidine, 

NaN 3 , 

EtOH, 20° 

DMSO, 110° 


o-Xylene ,150° 



169(55%) 171b (manno; 40%) 173(61%) 


Scheme 5.39 Preparation of 169 by cyclocondenstaion and of 171 and 173 by intramolecular 
1,3-dipolar cycloaddition. 


An inverse electron demand Diels-Alder cycloaddition between 3,6-bis(trifluoro- 
methyl)-l,2,4,5-tetrazine and the P-D-ribofuranosylacetylene 174, with subsequent 
cycloreversion and loss of N 2 , gave a 77 % yield of the pyridazine 175 [218] 
(Scheme 5.40). The cyclohexadiene 177 was obtained from 176 through an intra- 
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molecular Diels-Alder addition [219], whereas the dihydro-oxepin 179 was pre¬ 
pared in low yields from 178 by means of a [2+2] cycloaddition followed by ring-ex¬ 
pansion [220]. Rh-catalyzed cyclotrimerization of the propargyl 1-C-ethynyl-a/P-o- 
glucopyranosides 180 with acetylene gave an 89% yield of the spiroacetals 181 
[ 221 ], 




175 (77%) 


177 (50-60%) 


179 (< 20%) 



HC=CH, CIRh(PPh 3 )3 
EtOH, 0° 


180 181 (89%) 

Scheme 5.40 Preparation of 175 and 177 by Diels-Alder cycloaddition, of 179 by [2+2] cycload¬ 
dition followed by ring-expansion, and of 181 by cyclotrimerization. 



5.5.1.2 Radical Cyclizations 

Radical cyclizations of acetylenosaccharides have been well investigated. Radicals 
generated by the treatment of thionocarbonates [222, 223] and iodides [215, 224] 
with Bu 3 SnH added intramolecularly to an ethynyl group to afford alkenes, as illus¬ 
trated in Scheme 5.41 by the transformations of 182 and 184 to yield 183a/b and 
185, respectively. Alk-5-ynyl, alk-6-ynyl, and alk-7-ynyl radicals usually undergo 
5-exo-dig, 6-exo-dig, and 7-exo-dig cyclizations, respectively. Disubstituted alkynes 
usually give E/Z mixtures of the exocyclic alkenes. Secondary radicals gave mix- 
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tures of epimers (e. g., 183a/183b 4:6). The use of O-benzyl protecting groups 
should be avoided, as they may interact with the resulting alkenyl radicals [225]. 
The 6-endo-dig cyclization products 187 were selectively obtained from 186, 
since a 5-exo-dig cyclization would give rise to strained trans-2,4-dioxabicyclo[3.3.0] 
octanes [226]. 


p hO Ph 



184 


185 (1:1 mixture) 



186 ( D-xylo/L-lyxo ~ 2:1) 187 (D-xy/o/L-/yxo 1:1) 

Scheme 5.41 Radical cyclization of acetylenic thionocarbonates and iodides. 


As illustrated by the transformation of the hept-6-ynose 188 (Scheme 5.42), 
Bu 3 SnH may react (in the absence of an iodo or phenoxythiocarbonyloxy substitu¬ 
ent) with a terminal allcynyl group to form a 1-stannylated alk-l-en-2-yl radical. 
Diastereoselective 5- and 6 -exo-trig additions of such radicals to a variety of C=X 
double bonds (X = O [227], NOBn [228], NNMe 2 [229], CH 2 [230], and CHC0 2 Et 
[99]) have been described. Thus, 188 reacted selectively to give a 5:1 E/Z mixture 
of the 2-(tributylstannylmethylene)cyclohexanol 189, which was readily destanny- 
lated under acidic conditions to afford the exo-methylene cyclitol 190. Similarly, 
a 6-arylated hex-5-ynose oxime reacted with thiophenol under photolytic conditions 
to provide a 3-benzyloxyamino-l-(phenylthio)cyclohex-l-ene [231]. 
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188 


Si0 2 ,25°;95%r 189R = SnBU3 

^ 190 R = H 


Scheme 5.42 Diastereoselective radical cyclization of the hept-6-ynose 188. 


The pent-4-ynylamine 192 was readily obtained from the bromide 191 [232] 
(Scheme 5.43). Its cyclization to the (+)-isofogamine precursor 193 proceeded via 
an intermediate a-(trimethylsilyl)methylamine radical cation. 



BnNHCH 2 SiMe 3 , 
K 2 C0 3 , MeCN, reflux 



191 


192 (65%) 


Scheme 5.43 


Radical cyclization of the pent-4-ynylamine 192. 


Bn 

/ 



193 (60%) 


5.5.1.3 Transition-Metal Promoted Ring-Closing Reactions 

The enyne 194 was transformed into the cyclopentanes 195a and 195b in a zirco- 
nocene-mediated cyclization [233], while a cobalt-mediated cyclization of the pro- 
pargyl allyl ether 196 gave the dihydrofuran 197 [234] (Scheme 5.44). The octynu- 
lose 198 cyclized to the cyclopentanol 199 via an allenyl metal species [235] (see 
[236] for the isomerization of acetylenosaccharides into allenes). The Sml 2 /Pd(0)- 
promoted reaction of the glucoside 200 provided the 2-ethynylcyclopentanols 
201a and 201b; related hept-6-ynopyranosyl acetates reacted similarly, and a hex- 
5-ynopyranosyl acetate gave a 2-ethynylcyclobutanol, albeit in lower yield (23%) 
[235]. Acid was sufficient for the transformation of the 7-C-(trimethylsilyl)-oct-6- 
ynose 202 into the 2-ethenylidenecyclohexanol 203 in high yield (91 %) [237]. 2-Me- 
talated oxolanes (metal = Cr or W) were obtained from homopropargylic alcohols 
[238]. Treatment of (3-D-glucopyranosylacetylenes with chromium carbene com¬ 
plexes gave the glucosylated a-naphthol 204 and the hydroquinone 205 [239] (see 
Section 5. 3.1.6 for the preparation of naphthalenes by Bergman-Masamune-Sond- 
heimer rearrangements). 
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Me 




194 

SiMe 3 


o- r 0 

= 196 

Me 



PmbO 

BnO 


Me 

TBSO 


Mg, HgCI 2 , Cp 2 ZrCI 2 , 
THF, 25°; 71% 



Me 


Me 

TBSO 



Me 


O. ,0 


O. ,0 


195a 92 : 8 


195b 


Co 2 (CO) 8 , ‘BuOOH, 
DME, 85° 



Et 2 Zn, Pd(OAc) 2 (PPh 3 ) 4 , 
Yb(OTf) 3 , THF 






'OBn 


SiMe 3 


CSA 


toluene, 25° 


PmbO-^Y-~ T -^ J \ 

BnO OBn 
203 (91%) H 



Scheme 5.44 Cycloalkanes, dihydrofurans, and phenols by transition metal- and acid-promoted 
cyclizations. 
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5.5.1.4 Enyne Metathesis 

Like the ring-closing metathesis of dialkenes (see [240] for a review of RCM of car¬ 
bohydrates), ring-closing enyne metathesis to afford 1,3-butadienes [241] has been 
applied to carbohydrates for the preparation of polyhydroxylated 1-vinylcyclohex-l- 
enes and 1-vinylcyclopent-l-enes, as illustrated by the transformation of 206 into 
207 [242, 243] (Scheme 5.45). The propargyl allyl ether 208 was similarly trans¬ 
formed into the spiroacetal 209 [244]. 


BnO 


BnO" 


BnO 



Grubbs catalyst II 

CH 2 CI 2 , 20°, 

CH 2 =CH 2 atmosphere 


BnO 



BnO 


206 


207 (72%) 



Grubbs catalyst II 
toluene, 60° 



209 (67%) 


Scheme 5.45 Enyne metathesis of acetylenosaccharides. 


5.5.1.5 Pauson-Khand Reaction 

The Pauson-Khand reaction [245], a Co 2 (CO) 8 -promoted transformation of enynes 
into cyclopentenones, has been applied to acetylenosaccharides [244, 246-248]. The 
cyclopentenones 211 and 212 were thus obtained from the enynes 210 and 208, re¬ 
spectively (Scheme 5.46). Yields depend heavily upon substrate and conditions. 



Co 2 (CO) 8 , then NMO 
CH 2 CI 2 , 20° 


O 
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5.5.1.6 Alkynol Cycloisomerization 

Hydroxylated oligoacetylenes undergo base-catalyzed 5 -exo-dig cyclizations to afford 
2-ethylidene-oxolanes [7, 11-13, 249], this reaction having been used for determi¬ 
nation of the absolute configurations of oligoacetylenes. Treatment of 11 with aque¬ 
ous NaOH gave the diyne-enol ether 213 (Scheme 5.47; configuration of the double 
bond not determined, but probably Z as in 214, 216, and 217). The enol ether 213 
was then oxidized to i-erythronolactone. The 5 -exo-dig alkynol cycloisomerization 
is favored by cumulated triple bonds, by the presence of a 1-bromo, 1-chloro, or 
l-(het)aryl substituent or of an additional ring in the starting material (as in 39), 
and by proximity of the reacting groups [22, 199, 250, 251]. Activation of an alkynyl 
group resulting from coordination also promotes its reaction with nucleophiles; 
pent-4-yne-l,3-diol was thus transformed into 2-methylene-oxolan-3-ol by Lewis- 
acid catalysis (Ag 2 C0 3 in refluxing benzene; 99% yield [248]). 



39 214 (99%) 

Scheme 5.47 5 -exo-dig alkynol cycloisomerization of 1-alkynylated or 1-brominated alk-l-yn-5-ols. 


The 4,4'-unprotected di(a-D-glucopyranosyl)buta-l,3-diyne 215 reacted with 
K 2 C0 3 in MeOCH 2 CH 2 OH to give the monoenol ether 216 selectively within 
5.5 h (70%). Under the same conditions, 216 was transformed within 24 h, though 
in a distinctly lower yield (37%), into the (Z,Z)-configured dienol ether 217 [199, 
251] (Scheme 5.48). In contradistinction to this diastereoselectivity, the E-config- 
ured spiroacetals (£)-219 were mostly formed by base-treatment of the propargyl 
aldehyde 218 [252]. For a Pd-catalyzed cyclization to a closely related spiroacetal, 
see [253]. 

Alk-3-ynols and alk-4-ynols undergo formal 5 -endo-dig and 6 -endo-dig cycliza¬ 
tions, respectively, via transition metal (Mo, Cr, W, Ru) vinylidene intermediates 
(see [81, 254, 255] and [256] for a recent review). Thus, pent-4-yne-l,2-diol (220) 
gave a 9:1 mixture of the dihydrofuran 221 and the dihydropyran 222 
(Scheme 5.49). The regioselectivity of such ring-closures is influenced by the con¬ 
figuration of the alkynols and more strongly by the O-protecting groups. Sequential 
cyclization and addition of alkynols to the resulting glycals allowed the preparation 
of oligosaccharides [254, 255]. 
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K 2 C0 3 , 

MeOCH 2 CH 2 OH,140° 


215 


AcO 


AcO 




(£)-219 9:1 (Z)- 219 

Scheme 5.48 6-exo-dig and 5-exo-dig alkynol cycloisomerization of 215, 216, and 218. 


Mo(CO) 6 , Me 3 N+-0- 
Et 3 N, Et 2 0, 20°; 59% 

220 





222 


Scheme 5.49 4,5-Dihydrofurans and 5,6-dihydro-2H-pyrans from alk-1 -yne-4,5-diols via transi¬ 
tion metal vinylidene species. 


5.5.1.7 Miscellaneous Cyclizations 

The ring-closure of 223 on treatment with I 2 and TsOI(OH)Ph to give the 2-(diio- 
domethylene)oxolane 224 is a 5 -exo-dig cyclization [159] (Scheme 5.50). The cleav¬ 
age of the methyl ether of 223 was especially noteworthy. The ring-closure of the a- 
D-mannopyranosylacetylene 225 to afford the indole 226 [91] and the transforma¬ 
tion of l-(l,2-epoxycycloalkyl)propargyl alcohols into 2-(io-oxoalkyl)furans by treat¬ 
ment with yellow HgO and H 2 S0 4 in acetone [257] are also 5 -endo-dig cyclizations. 

The ready formation of carbocations of hexacarbonyldicobalt complexes (Nicho¬ 
las reaction) allowed Isobe and co-workers to transform glycopyranosylacetylenes 
by ring-opening and ring-closing into medium-sized (n = 7-10) cyclic ethers or 
to form additional medium-sized rings [90, 258]. Thus, the pyranosylacetylene hex- 
acarbonyl cobalt complex 227 was transformed in several steps (via 228 and 229) 
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AcO 




C 11 I 2 

Et 3 N/DMF 



226 (80%) 


Scheme 5.50 5-exo-dig and 5-endo-dig ring-closure of 223 and 225, respectively. 



TBSO 'I' 

SiMe 3 

227 


C02(CO)6 


TfOH, Ac g O 
-20°; 95% 



228 R 1 = Ac 

R 2 = Ac 
R 3 = Ac 


229 R 1 = H 

R 2 = Bn 
R 3 =SiMe 3 



SiMe 3 

C02(CO)6 


Scheme 5.51 Transformation of the pyranosylacetylene cobalt complex 227 into the septano- 
sylacetylene cobalt complex 230. 


into the septanosylacetylene complex 230 (Scheme 5.51). The Nicholas reaction has 
also been used for the transformation of alk-5-yne-l,4-diols into furanosylacety- 
lenes [259]. 

5.5.2 

Coupling Reactions 

Since Glaser’s first dimerizations in 1869 [260], acetylenic coupling has become a 
powerful synthetic tool for the construction of C—C bonds (see [261, 262] for recent 
reviews of acetylenic couplings). 
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5.5.2.1 Homocoupling of Acetylenosaccharides 

Glaser-Hay (CuCl, 0 2 TMEDA, acetone) and Eglinton (Cu(OAc) 2 , MeOH/pyridine) 
couplings of terminal acetylenosaccharides give C 2 -symmetric 1.4-diglycosylated 
buta-l,3-diynes. Such couplings have provided access to hexadecitols [117, 263] 
and to branched-chain nucleoside dimers [264], while a cyclophane has been pre¬ 
pared by intramolecular homocoupling of two a-D-ribofuranosylacetylene moieties 

[265] , 

5.5.2.2 Heterocoupling of Acetylenosaccharides 

Cadiot—Chodkiewicz heterocoupling of a terminal acetylene with a bromo- or iodo- 
acetylene (typically with CuCl, EtNH 2 , NH 2 OH ■ HC1 in EtOH) and Sonagashira- 
type reactions (typically with CuCl and (Ph 3 P) 2 PdCl 2 in Et 2 NH or pyrrolidine) 
were used for the preparation of the tridecadialdoside 233 from 231 and 232 

[266] , the buta-l,3-diynyl-bridged nucleoside dimer 236 from 234 and 235 [264], 
and of epoxyoligoynes [22, 23] (Scheme 5.52). Our homo- and heterocouplings of 
diethynylated saccharides are discussed in Section 5.4.2; the best conditions for 
the Cadiot—Chodkiewicz cross-coupling were Pd(dba) 2 , Cul, P(fur) 3 , and Et 3 N in 
DMSO [191]. The Pd(OAc) 2 -catalyzed coupling of PhC=C —I + -PhBF 4 “ with a 
terminal acetylenosaccharide proceeded in high yields [267]. 




TBSO n OH 


HO OTBS 


Scheme 5.52 Heterocoupling to provide the buta-1,3-diynes 233 and 236. 
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5.5.2.3 Coupling of Acetylenosaccharides with Aromatic and Olefinic Moieties 

Sonogashira coupling of acetylenosaccharides with iodo- and (triflyloxy)benzenes 
gave mono- to tetraalkynylated benzenes (see 81 in Scheme 5.18, and 237 and 
238 in Scheme 5.53) [121, 131, 268, 269]. Enynes were obtained by Sonogashira 
coupling of iodoalkenes with acetylenosaccharides [270, 271]. 



Scheme 5.53 Phenylated acetylenosaccharides obtained by Sonogashira coupling. 


Sonogashira coupling of 6,6'-dibromo-2,2'-bipyridine with a 4-ethynyl-a-D- 
glucopyranosyl(trimethylsilylacetylene) gave the corresponding 6,6'-diethynylated 
bipyridine [272]. Intramolecular Eglinton coupling and O-deprotection provided 
the C 2 -symmetric hybrid 239, which complexes a range of metal ions (best Cu 2+ 
and Zn 2+ ) [272] (Scheme 5.54). The peri -dialkynylated anthraquinones 82 
(Scheme 5.18) were prepared by sequential Sonogashira couplings with (triflyloxy) 
anthraquinones [132, 133]. 



Scheme 5.54 Preparation of 239, 240, and 241 by Sonogashira coupling from the corresponding 
iodinated bipyridine and nucleosides. 
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The key step in the syntheses of the oligonucleotide analogues 240 and 241 
(Scheme 5.54) from the precursors 71a and 71c (Scheme 5.15) is an intermolecular 
Sonogashira coupling (Pd 2 (dba) 3 , Cul, P(furyl) 3 in Et 3 N/toluene) between an iodi- 
nated nucleobase and a D-aIIo-hept-5-ynofuranose [114, 115] (Scheme 5.54). 


5.5.2.4 Coupling of Acetylenosaccharides with Amino Acid Derivatives 

Sonogashira coupling of glycopyranosylacetylenes with para- or meta- iodinated 
phenylalanines gave C-linlced glycopeptides [127]. Key steps of other approaches 
to C-linlced glycopeptides are the addition of glycopyranosylacetylenes to aldehydes 
derived from amino acids [92] and the addition of acetylenes derived from amino 
acids to glyconolactones [128, 273]. 


5.6 

Biological and Medicinal Uses of Acetylenosaccharides 

A short enzymatic synthesis gave a 57% yield of 6,7-dideoxy-i-iyxo-hept-6-ynulofur- 
anose [274]. Several acetylenosaccharides inhibit enzymes: there is a polyacetylene 
that inhibits a cytosolic acetoacetyl-CoA thiolase [275] and a 6-ethynylated GPD- 
mannose analogue that inhibits GPD-mannose dehydrogenase [276], while 9- 
(5',6'-dideoxy-(3-D-ribo-hex-5'-ynofuranosyl)adenine and its 6'-halo derivatives inhi¬ 
bit S-adenosyl-L-homocysteine hydrolase [63, 277-279]. 

A systematic investigation of the antimicrobial activity of polyacetylenes has been 
published in Korean [280]. 

4'-Branched-chain- and 5'-ethynylated nucleoside analogues show antiviral activ¬ 
ity [63, 278, 279, 281, 282], some against HIV viruses [176, 178, 283]. 

3'-Ethynylated nucleosides, especially the anticancer drug S'-C-ethynylcytidine, 
possess antitumor and cytostatic activities [284-286]. Neocarcinostatin (22 in 
Scheme 5.5) is a potent antitumor antibiotic [39]. 

As glycosylacetylenes are not degraded by glycosidases, ortho- carboranes derived 
from an a-L-gaIacto-hept-6-ynopyranose [287], some glycopyranosylacetylenes [288], 
and 3'-ethynylyted and propargylated thymidines [179] have been prepared for the 
treatment of cancer by boron neutron capture therapy (see [289] for an ortho-c arbor- 
ane derived from an ethynylated amino acid bound to a glucuronamide). 


5.7 

Experimental Protocols 

5, 9-Anhydro- 6, 7,8,10-tetra-O-benzyl-l,2,3,4-tetradeoxy-1 - (trimethylsilyl )-d- glycero - d - 
gulo -deca-l,3-diynitol (80a) [132]. A solution of bis(trimethylsilyl)butadiyne (2.65 g, 
13.6 mmol) in THF (35 ml) was cooled to 0° under Ar, treated dropwise with MeLi/ 
LiBr in hexane (1.4 m, 10.22 ml) over a period of 0.5 h, and stirred for 4.5 h at 20°. 
The deep brown solution was transferred by cannula into a cooled (-78°) solution 
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of 79 (7.0 g, 13 mmol) in THF (35 ml) over a period of 10 min. The resulting pale 
brown solution was stirred for 1 h, treated with saturated aqueous NH 4 C1 solution 
(20 ml), stirred for 0.5 h, and extracted with Et 2 0. The organic layer was washed 
with H 2 0, dried (MgS0 4 ), and evaporated to afford a brownish syrup of crude 
hemiacetals (a/(5 3:2, 8.55 g). 

A solution of BF 3 • Et 2 0 (17.8 ml, 142 mmol) and Et 3 SiH (11.4 ml, 72 mmol) in 
CH 2 Cl 2 /MeCN (1:1, 30 ml) was cooled to 0° and added by cannula to a stirred and 
chilled (0°) solution of the crude hemiacetals (8.5 g) in CH 2 Cl 2 /MeCN (1:1, 40 ml) 
over a period of 0.5 h. The mixture was stirred at 0° for 2.5 h, treated with saturated 
aqueous NaHC0 3 solution (28.5 ml), stirred for 15 min, and extracted with AcOEt. 
The organic layer was washed with H 2 0, dried (MgS0 4 ), and evaporated. FC 
(hexane/AcOEt 16:1) gave 80a (6.28 g, 76%) as a colorless to pale yellow oil. 




6,7,8,10-Tetra-O-acetyl-5,9-anhydro-l,2,3,4-tetradeoxy-l-C-[8-{4,5,6,8-tetra-O-acetyl- 
3,7-anhydro-l,2-dideoxy-D-glycero-D-gulo-oct-1 -ynitol- 1-yl)- 9, 10-anthraquinon-1 -yl]- d- 
glycero-D-gulo -deca-l,3-diynitol (82b) [132]. A stirred suspension of 82a (1.0 g, 
1.47 mmol), Pd(PPh 3 ) 2 Cl 2 (49.4 mg, 0.07 mmol), and Cul (40.2 mg, 0.2 mmol) 
in degassed Et 3 N/DMF 1:5 (10 ml) was treated dropwise under Ar with a solution 
of 80b (1.07 g, 2.8 mmol) in Et 3 N/DMF 1:5 (10 ml) over a period of 9 h at 21-23°. 
After stirring for an additional 12 h, the mixture was diluted with AcOEt, washed 
with brine, dried (MgS0 4 ), and evaporated. FC (AcOEt/hexane 1:1) gave light yel¬ 
low 82b (1.0 g, 76%), which was recrystallized in CH 2 Cl 2 /MeOH to afford colorless 
crystals (m. p. 205.1-206.3° (dec)). 

HC= C— DOPS-TIPS [191a], A solution of Me 3 Si-C=C-SiMe 2 CMe 2 CH 2 
CH 2 OH (7.29 g, 30.0 mmol) and 2,6-lutidine (8.7 ml, 75.0 mmol) in dry CH 2 C1 2 
(100 ml) was cooled to 0°, treated dropwise with TIPSOTf (10.5 ml, 39.1 mmol), 
stirred for 2 h, and treated with H 2 0 (40 ml). Extraction with CH 2 C1 2 , washing 
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HC=C-DOPS-TIPS 


of the organic layer with H 2 0 and brine, drying (MgS0 4 ), evaporation at 300 Torr, 
and FC (hexane) gave Me 3 Si—C=C —DOPS-TIPS (10.68 g, 96%) as a transparent 
oil. 

A solution of Me 3 Si—C=C —DOPS-TIPS (14.58 g, 36.6 mmol) in dry, freshly dis¬ 
tilled MeOH (240 ml) was treated with freshly prepared NaOMe in MeOH (0.25 m, 
30 ml), and the mixture was stirred for 3 h at 22°. After addition of Amberlite IR- 
120 (H + form), the mixture was filtered, and the filtrate was evaporated at 300 Torr. 
Distillation (0.4 mbar, 54°) gave HC=C—DOPS-TIPS (11.76 g, 98%) as a trans¬ 
parent oil. 

1.6- Anhydro - 4 - deoxy -4-C-{2-{dimethyl[l, 1 - dimethyl -3-( triisopropylsilyloxy) propyl] 
silyl}ethynyl}-2-0-(triisopropylsilyl)-(l-T)-glucopyranose (133) [191a]. A solution of 
HC=C—DOPS-TIPS (16.9 g, 51.7 mmol) in dry toluene (30 ml) was cooled to 
-15°, treated dropwise with BuLi in hexane (2.3 m, 21 ml, 51.7 mmol), warmed 
to 20°, stirred for 30 min, cooled to -15°, treated dropwise with Me 3 Al in toluene 
(2 m, 26 ml, 51.7 mmol), warmed to 20°, and stirred for 60 min (—» white precipi¬ 
tate). The suspension was heated to 75° and treated with a solution of 131 (10.4 g, 

34.5 mmol) in toluene (30 ml) by double-ended needle. The mixture was stirred for 
2 h at 75°, cooled to 0°, and slowly treated with a saturated NH 4 C1 solution (5 ml). 
After filtration over Celite, the filtrate was diluted with AcOEt, washed with H 2 0, 
dried (MgS0 4 ), and evaporated. FC (hexane/AcOEt 15:1) gave 133 (15.3 g, 71%) as 
a transparent syrup. 

3.7- Anhydro-1,2,6-trideoxy-6-C-{2-{dimethyl[l,l-dimethyl-3-(triisopropylsilyloxy )pro- 
pylJsilyl }ethynyl}-4 -O - (triisopropylsilyl )-l- C-( trimethylsilyl) -D-glycero-D-gulo- oct-1 -ynitol 
(132b) [191a]. A solution of Me 3 Si—C=CH (7.5 ml, 55.2 mmol) in dry toluene 
(50 ml) was cooled to -15°, treated dropwise with BuLi in hexane (2.3 m, 

23.5 ml, 55.2 mmol), warmed to 21°, stirred for 30 min, diluted with THF 
(2 ml), and added to a cooled (-15°), mechanically stirred suspension of A1C1 3 
(7.27 g, 55.2 mmol) in dry toluene (40 ml) by double-ended needle. Upon stirring 
at 21° for 45 min, a white precipitate was formed. The suspension was heated to 
90° (bath temperature) and treated dropwise with a solution of 133 (11.39 g, 
18.2 mmol) in dry toluene (80 ml), which resulted in dissolution of the precipitate. 
The solution was stirred at 90° for 18 h, cooled to 0°, and treated with a saturated 
NH 4 C1 solution (10 ml). After extraction with AcOEt, the organic layer was washed 
with H 2 0, dried (MgS0 4 ), and evaporated. FC (AcOEt/hexane 1:15) gave 132b 
(9.77 g, 74 %; m. p. 82°) as a white solid. 
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TIPS-DOPS 


TIPS-DOPS 



136e 


5,9-Anhydro-l,2,3,4,8-pentadeoxy-8-C-{2-{dimethyl[l,l-dimethyl-3-(triisopropylsilyl- 
oxy )propyl]silyl jethynyl }-6-0-( triisopropylsilyl )-d- glycero- d - gulo -deca- 1,3-diynitol-l-yl- 
( 1— »6 -C) -3,7-anhydro-1,2,6-trideoxy-4- 0-( triisopropylsilyl) -1 -C-(trimethylsilyl) -D-gly- 
cero-D-gulo-oct-l-ynitoI (136e) [191a]. A solution of 134c (3.45 g, 4.71 mmol), 135 
(2.00 g, 4.71 mmol), Pd 2 (dba) 3 (129.3 mg, 0.14 mmol), Cul (26.9 mg, 
0.14 mmol), and P(fur) 3 (54.7 mg, 0.236 mmol) in DMSO (70 ml) was degassed 
in a flame-dried Schlenk flask for 15 min, treated with dry Et 3 N (2.0 ml, 
14.13 mmol), and stirred in the dark for 10 h. The mixture was poured onto ice/ 
H 2 0 and neutralized with HC1 (1 n). After extraction with Et z O, the organic 
layer was washed with H 2 0, dried (MgS0 4 ), and evaporated. FC (AcOEt/hexane 
1:10—>3:17) gave the C 2 -symmetric dimer derived from 134c (116.7 mg, 2%), 
136e (4.00 g, 79%; m. p. 85-86°), and the C 2 -symmetric dimer derived from 135 
(31.1 mg, < 1 %) as white solids. 




2,6-Anhydro-3,7,8-trideoxy-3-C-ethynyl-8-C-(trimethylsilyl)-D-glycero-L-gulo-oct-7- 
ynitol (146) [196]. Under N 2 , a suspension of A1C1 3 (4.39 g, 32.9 mmol) in toluene 
(40 ml) was cooled to 0°, treated with BuLi in hexane (1.9 m, 17.3 ml, 32.9 mmol), 
warmed to 23°, stirred for 30 min, heated to 80°, treated with a solution of 145 
(3.20 g, 9.1 mmol) in toluene (25 ml), stirred vigorously for 30 min, cooled to 
0°, diluted with CH 2 C1 2 , and filtered (washing with CH 2 C1 2 ). The combined filtrate 
and washings were washed with saturated NaHC0 3 solution and H 2 0, dried 
(MgS0 4 ), and evaporated. The yellow residual oil was treated with HC1 in 
MeOH (0.1 m, 10 ml), heated to 45°, stirred for 2 h, and evaporated. FC (to- 
luene/AcOEt 6:4—> 1:1) gave 146 (2.19 g, 90%; m.p. 89-90°) as a colorless solid. 
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AcNH 



162 


OTIPS 


AcHN 


H( 



AcHN--^^ OH 


OH 


163 


3,3'-(Buta-1,3-diyne-1,4-diyl){2,6:11,15 -dianhydro-14-C-[5-acetamido-2,6-anhydro- 
3,5,7,8,9,10-hexadeoxy-D-glycero-L-gulo-deca-7,9-diynitol-10-yl]-3,5,7,8,9,10,12,14-oc- 
tadeoxy-D-erythro-L-ido-L-gulo-hexadeca-7,9-diynitol (163) [201b]. A solution of 162 
(395 mg, 1.0 mmol) in pyridine (1.0 1) was heated to 80°, treated with Cu(OAc) 2 
(1.00 g, 5 mmol), stirred for 2 h, cooled to 20°, diluted with AcOEt (1.5 1) and 
Et 2 0 (1.5 1), and washed with H 2 0 (1.0 1). The aqueous phase was extracted with 
Et 2 0 (3 X 100 ml). The combined organic layers were washed with brine (3 X 
50 ml), dried (MgS0 4 ), and evaporated at 40° and 12 mbar. Filtration over silica 
gel (70 g, AcOEt/MeOH 20:1) gave a brown foam (220 mg), which was dissolved 
in THF (30 ml), treated with TBAF ■ 3H 2 0 (390 mg, 1.2 mmol), stirred for 4 h, 
treated with MeOH (5.0 ml), and stirred for 1 h. Evaporation at 23° and 12 mbar 
and FC (70 g, AcOEt/H 2 0/MeOH 10:3:2) of the red oil (660 mg) gave slightly 
impure ( 1 H NMR) 163 (112 mg, ca. 48%). Crystallization from MeOH (3.0 ml) 
gave pure, colorless 163 (78 mg, 33%; m. p. > 250° (dec.)). 
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Semiconducting Poly(arylene ethylene)s 

Timothy M. Swager 


6.1 

Introduction 

The alkyne functionality has long been a cornerstone for the formation of electro¬ 
nic polymers. The formation of highly conductive polyacetylene [1] and the topo- 
chemical solid-state polymerization of diacetylenes [2] are discoveries of monumen¬ 
tal importance in establishing the field. In these polymerizations an acetylene bond 
is necessarily sacrificed to produce two new carbon-carbon bonds that interconnect 
the monomers. Despite the obvious utility of alkynes in electronic polymers, poly- 
(aryl ethynylene)s (PArEs) [3] were largely ignored until the mid-1990s, with the 
principle focus of electronic polymer research being directed toward polyacety¬ 
lenes, polyarylenes, and materials containing alkene linkages between aromatic 
moieties such as poly(arylene vinylenes) [4]. This late interest in PArEs is the result 
of nascent efficient approaches to their synthesis through organometallic chemis¬ 
try and inaccurate perception of their inferior electronic properties. The prejudice 
was in part founded on a prevailing interest in the creation of electronic materials 
capable of high delocalization and charge stabilization, goals better served by poly- 
(aryl vinylenejs and polyarylenes. Indeed, polyheterocycles such as polythiophenes 
and polypyrroles were found to be best for the formation of highly oxidized struc¬ 
tures, and computational analysis correctly predicted that the acetylene groups in 
poly(phenylene ethynylene) (PPE) should have larger band-gaps and narrower 
bandwidths than its close relative poly(phenylene vinylene) (PPV) [5]. 



PArE PPE PPV 
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In spite of their delayed emergence, PArEs are now recognized as one of the 
most important classes of electronic polymers, and the carbon-carbon triple 
bond is a critical element that sets these materials apart from others. Of particular 
note is the ability of an alkyne linkage to be more accommodating than an allcene 
to steric and conformational constraints. However, the virtues of an alkyne are 
more profound than simple sterics. Steric interactions between the aromatics 
and the alkenes in poly(arylene vinylene)s, for example, will cause non-planar con¬ 
formations and produce a dramatic reduction in delocalization. In contrast, direct 
steric interactions with alkynes can result in a bending distortion, but conjugation 
will be maintained due to their cylindrical electronic symmetry. PArEs are also of 
tremendous interest from the standpoint of their shape-persistent rigid structures, 
useful for the construction of nanostructures [6]. 

This chapter presents a summary of the electronic properties and some applica¬ 
tions of PArEs. Because of the current vast body of work on these materials, I will 
draw largely upon my personal publications and will further restrict the discussion 
to materials with well defined extended conjugation. This will exclude branched 
structures and those with other non-conjugating linkages such as 1,3-phenylene 
groups in their backbone. It is my intent to convey critical insight into the proper¬ 
ties of these materials to the reader rather than to produce a systematic catalog of 
published works. There are of course many other excellent researchers with in¬ 
tense interest in PArEs. I cannot do justice to all of their work, and interested read¬ 
ers are directed to other reviews [7, 8]. 


6.2 

Synthesis 

The preferred and most versatile synthesis of poly(arylene ethynylenejs makes use 
of the Sonogashira cross-coupling of acetylenes (Equation 6.1). Polymerizations of 
this type involve bond-forming reactions between difunctional monomers and are 
classified as step-growth polymerizations. The degree of polymerization (DP) in a 
step-growth process is governed by the equation DP = l/(l-extent of reaction). 
Hence, for a reaction that proceeds to 90% completion (extent of reaction = 0.9) 
a DP of 10 is expected and only oligomers are produced. To produce high molec¬ 
ular weight polymers (DP>100) the coupling reaction must proceed to greater 
than 99 % yield. A further challenge to the synthetic chemist is that this condition 
must be met with a strict 1:1 stoichiometry of the monomers. Hence, one reagent 
cannot be used in excess to drive a reaction to completion, as is often the case for 
published yields in small-molecule coupling literature. Sonogashira cross-coupling 
reactions are one of a handful of reactions that can satisfy this stringent criterion 
for a broad range of monomers, and in my laboratory polymers are routinely 
synthesized with molecular weights exceeding 100,000 Daltons. To achieve the 
highest molecular weight poly(polyarylene ethynylenejs by this method (the 
world record is 5,000,000 Daltons [9]), it is necessary to compensate for a minor 
ubiquitous side reaction, namely the formation of diacetylene linkages. Indeed 
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the combination of amines, Cu + ions, a terminal alkyne, and an oxidant is the stan¬ 
dard recipe for the efficient formation of diacetylene linkages. In my experience 
there is always at least a fraction of a percent of acetylene homo-couplings even 
if a researcher goes to great lengths to exclude oxygen and to purify solvents. 
Therefore, to produce the highest molecular weight polymers, a slight excess of 
the acetylene monomer should be added to offset the acetylene homo-couplings 
and to ensure a 1:1 stoichiometry for the Sonogashira hetero-couplings. 


-Ar- 


+ X—Ar'-X 


X= I, Br 


p d°L x 
Cu + , R 3 N 


-Ar- 



Equation 6-1 


A second additional significant synthetic method for poly(arylene ethynylene)s 
makes use of alkyne metathesis [10]. This approach has, by and large, been devel¬ 
oped and practiced by Bunz and involves the reaction shown in Equation 6.2, 
which liberates 2-butyne as a byproduct [11]. Alkyne metathesis catalysts can toler¬ 
ate some functional groups and have also attracted recent interest in catalytic trans¬ 
formations for small molecule synthesis [12]. As an alternative to well defined iso¬ 
lated catalysts, which are difficult to prepare and are air-sensitive, Bunz has devel¬ 
oped procedures from commercial air-stable chemicals that appear to produce a 
catalytic molybdenum allcylidyne composition in situ [13]. This method has been 
successful in preparing a number of polymers. However, the generated catalyst 
is less functional group tolerant than is found in palladium cross-coupling reac¬ 
tions, with similar limitations to earlier olefin metathesis catalysts formed by in 
situ procedures [14]. Polymers produced by this method can produce extraordina¬ 
rily high molecular weights [15]. However, given that the catalyst mixture probably 
produces multiple organometallic complexes, it should not be assumed that these 
high molecular weight polymers are structurally simple. Indeed, as mentioned 
above, other related pre-catalyst mixtures give metal alkylidenes that have long 
been known to polymerize acetylenes through a chain-growth polymerization to 
produce substituted polyacetylenes [16]. Furthermore, very recent studies with 
well defined molybdenum alkylidyne catalysts with phenolic additives have also 
revealed the formation of polyacetylenes [17]. In the case of ultra-high molecular 
weight materials it is therefore possible, if not likely, that these materials have 
comb architectures with polyacetylene backbones. With long extended PPE side 
groups, and a highly twisted substituted polyacetylene backbone, this type of struc¬ 
tural defect would be difficult to detect by standard spectroscopic methods. 


Ar— = - -► 

ML X ^-R 



Equation 6-2 
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6.3 

Conducting Properties of PArEs 

Poly(phenylene ethynylene)s were originally thought to very be poor conductors, 
due to early studies on a limited number of structures. This assumption was not 
unexpected given that conventional wisdom favors more delocalized systems. 
Like typical organic electronic polymers, PArEs are wide bandgap semiconductors 
that are highly resistive (insulating) in their neutral (uncharged) state. To produce 
conductive forms of these materials, mobile charges must be injected, generally by 
removal or addition of electrons to the polymer’s ir-electron system. For a good con¬ 
ductor this process (which can often result in resistivity changes as high as 10 13 ) is 
referred to as doping, in analogy to terminology used in the semiconductor field. 
However, it should be noted that, in conventional inorganic semiconductors, dop¬ 
ing involves replacement of atoms in a solid, as in the example of the substitution 
of a silicon atom with boron or phosphorous. In organic polymers, though, doping 
involves a much higher number of carriers than is typically possible in classical in¬ 
organic semiconductors. In heavily doped polyacetylene, for instance, the dopant 
counter-ions can constitute the majority of the material’s weight. 

In early conductivity investigations using chemical doping, researchers found 
that PPE oxidation required forcing conditions, since alkynes do not readily stabi¬ 
lize carbocations. Hence, to achieve high doping levels, the parent PPE was initially 
doped with AsF 5 , a very powerful oxidation agent, to give a material (most probably 
degraded) with a conductivity of 10“ 3 S cm -1 [18]. Other studies yielded even lower 
conductivities, with AsF 5 doping generating a conductivity of 10“ 7 S cm -1 and I 2 
doping producing values of 10 -5 S cm -1 [19]. High conductivities of 70 S cm -1 
were reported with treatment with S0 3 vapor, but it is likely that the polymers 
are severely degraded during this treatment, and no structural characterization 
of the final products was performed [20]. Poly(thienyl ethynylene) (1) was synthe¬ 
sized in an effort to incorporate thiophene residues, which can better stabilize 
charges, into the structures. However, these studies produced only highly resistive 
materials with I 2 doping [21]. The poor conductivity of PArEs under these condi¬ 
tions served to “confirm” erroneously that these materials were incapable of 
high conductivity. This was consistent with their narrower energy band widths, 
which should produce lower carrier mobilities. 



Electrochemical methods are generally preferred for doping polymers, since this 
approach readily reveals whether chemical reversibility accompanies the doping 
process. As indicated, it is certain that PArEs are extensively degraded by treatment 
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with highly reactive agents such as AsF s and S0 3 . Doped polymers prepared in this 
way have little relevance to the true electronic structure. Furthermore, electroche¬ 
mical studies performed on PPEs bearing donating alkyloxy side chains (2; 
Figure 6.1) demonstrated this tendency to degrade in the presence even of a weakly 
nucleophilic solvent such as acetonitrile [22]. This same investigation concluded 
that in order to obtain stable forms of these materials in their highly doped states, 
electrochemical studies must be performed under exotic conditions with use of the 
extremely non-nucleophilic solvent S0 2 . Given the low boiling point of S0 2 , the 
electrochemical behavior was studied at -70 °C, where it was found to be reversible 
and the polymers were found to oxidize at 0.5 V vs. a poly(vinylferrocene) reference 
electrode. The reversibility of this process clearly demonstrated that the polymer 
does not degrade with oxidation and that proper doping is occurring. 

The conductivity of any conducting polymer is not only dependent on its chem¬ 
ical stability but is also highly sensitive to strong electronic interactions/delocaliza- 
tion of both an intrapolymer and interpolymer nature. The order (crystallinity) of 
the polymer chains therefore greatly influences the magnitude of conductivity in 
PPEs. The attachment of long side chains (C 16 H 33 ) to 2 produced a highly orga¬ 
nized phase in which the polymer chains were organized into lamellar sheets 
(Figure 6.1) separated by crystalline or disordered alkanes [22]. The lamellar struc¬ 
ture of 2 R = C 16 FI 33 displays a diffraction pattern with seven orders of diffraction 



Figure 6.1 X-ray powder diffraction on 2 R = C 16 H 33 (top) and R = C g H 17 (bottom) at room 
temperature. The d-spacings (in A) are given for important peaks and the lowest angle peaks 
index to the (100) reflection shown for a schematic representation of the lamellar phase (right). 
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indicating long range registry of the lamellae. In addition, the diffraction pattern 
also showed a reduction in the intensity of the even reflections, consistent with 
a highly ordered lamellar structure. These electrochemically doped PPEs 2 revealed 
that they can be highly conducting with conductivities ranging from 0.2 to 5 S cm -1 
depending upon R [22]. These values are truly remarkable when one considers that 
these materials are as much as 80% saturated (insulating) alkane by weight. 
Hence, if doped under the right conditions, PPEs have conductivities comparable 
to those of elaborated polythiophenes or polypyrroles, structures well known for 
their high conductivities. 

The high reactivity of doped PPEs does, however, represent a practical limitation 
on the utility of their conducting properties. The stability can be significantly in¬ 
creased by placement of highly electron-donating groups into the polymer back¬ 
bone [23]. This is demonstrated by Zotti’s studies, in which polymers 3, 4, and 5 
with bithienyl linkages were stable to typical cyclic voltammetric conditions in 
the presence of nucleophilic solvent. However, these materials exhibited only low 
conductivities of 10 -3 S cm -1 , and EPR spectroscopic studies suggested that 
these low values are the result of a high localization of the charge on the bithienyl 






6.4 

Photophysical Properties and Interpolymer Electronic Interactions 

The most striking property of poly(arylene ethynylene)s is the fact that many of 
them display extremely efficient fluorescence in solution. However, simple PPEs 
such as 2 (Figure 6.1) exhibit pronounced self-quenching in thin films. This effect 
can be attributed to a strong tendency to exhibit interpolymer electronic interac¬ 
tions [24] that are much stronger than in their close relatives the PPVs. The reason 
for the stronger interchain electronic couplings in PPEs can be qualitatively under¬ 
stood by considering that their electronic structures are more localized in nature 
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than those of PPVs. This greater localization (or lower delocalization) is also re¬ 
flected in their narrower energy bands. More localized electronic states in PPEs 
allow for a larger orbital coefficient to be used in cofacial n-bonding between neigh¬ 
boring polymer chains. In contrast, a more diffuse orbital in a PPV has an overall 
reduced overlap and a weaker interaction. 

The study of polymers is always complicated by the fact that single crystals with¬ 
out defects are impossible, although the lamellar phases (Figure 6.1) represent a 
good approximation. However, studies of solids of this type cannot be used to iden¬ 
tify the intrinsic properties of isolated chains and the perturbations associated with 
the 7t stacking that occur in bulk. The complex conformational possibilities asso¬ 
ciated with polymers have long presented a challenge to basic understanding of 
the roles of intrachain conformation and interchain electronic interactions in elec¬ 
tronic polymers. To resolve these issues comprehensively we have made extensive 
use of Langmuir-Blodgett methods [25]. This approach has a number of important 
features. (1) Unlike in a solid surface, the polymers are assembled on a liquid sur¬ 
face that is dynamic, thereby allowing for free molecular motions. (2) The two-di¬ 
mensional nature of the film dramatically restricts accessible conformational states 
for the polymers, which assists in their assembly into well defined structures. (3) 

The ability to apply an anisotropic compression to the films allows for phase tran¬ 
sitions, mechanical annealing, and chain alignment. (4) It is possible to perform in 
situ UV/Vis absorbance and fluorescence spectroscopy on well defined monolayers. 

It has long been understood that strong interchain interactions need to be pre¬ 
vented to reduce self-quenching in thin films of emissive semiconductive poly¬ 
mers. Prevention of these deleterious interactions has often been accomplished 
by incorporation of bulky side chains and/or by the creation of structures that pre¬ 
vent crystallization. It is self-evident that enforcing large interchain spacing be¬ 
tween polymer chains will produce systems that have photophysical properties clo¬ 
sely resembling those in solution. However, too large an interchain spacing is un¬ 
desirable as it will also reduce the transport of charges and excited states. In an 
effort to determine the minimal interelectronic spacing between PPEs chains, 
we studied Langmuir films of PPEs 6, prepared with alternating monomers pos¬ 
sessing a surfactant character with a hydrophilic acylated glycol and a hydrophobic 
C 16 H 33 0- group (Figure 6.2). This structure creates monolayers with an edge-on 
orientation of the polymer at the air/water interface [26]. The alkyl groups on 
the non-surfactant monomer were chosen to present variable steric interactions 
that result in different interchain separations. The relevant interpolymer spacings 
shown in Figure 6.2 were determined by two independent methods: by the area per 
molecule determined on the Langmuir-Blodgett trough and by X-ray diffraction. 

With increased steric bulk of the alkyl side chains, both the interchain spacing 
and the fluorescence quantum yield increase. We find that for interchain spacings 
>4.3 A the polymer chains behave spectroscopically as though they were in solu¬ 
tion with no interchain electronic coupling. 

An important issue in electronic polymers that has traditionally presented an in¬ 
tractable research problem lies in understanding which relative perturbations to 
the electronic structure are best ascribed to intrachain conformational properties 
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and which are truly interchain in origin. There have been many efforts to correlate 
different processing conditions and spectroscopic features of thin films of semicon¬ 
ducting polymers in order to understand these effects better [27]. However, these 
approaches all suffer from the fact that intrapolymer and interpolymer interactions 
are interdependent and often inseparable. In other words, a polymer exhibiting 
strong interpolymer rt-electronic couplings will generally favor a conformation 
that may not be displayed in the absence of such interchain association. It is intui¬ 
tive that as a polymer begins to assemble into a structure with strong interchain 
electronic interactions the backbone will favor a more planar structure to maximize 
these interactions. To deconvolute these different factors, we designed a series of 
polymers that have different equilibrium two-dimensional liquid crystalline and 
crystalline structures at the air/water interface and studied reversible pressure- 
induced 2D-phase transitions of these materials [28]. Four examples of polymers 
used in these investigations and their respective structures are shown schemati¬ 
cally in Figure 6.3 (polymers 7-10). We have referred to the different two-dimen¬ 
sional structures as face-on, zipper, and edge-on. The edge-on structure has already 
been discussed (Figure 6.2) and has strong cofacial interactions between polymer 
chains and a highly planarized structure. This structure (polymer 10) is properly 
represented as a two-dimensional crystal of polymer chains and is corroborated 
by the close resemblance of its spectroscopic features to those of the lamellar crys¬ 
talline structures produced in bulk (Figure 6.1). A second highly planarized struc¬ 
ture (polymer 7 ) that lacks interchain interactions is produced by the face-on sur- 
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an edge-on monolayer structure at 
the air/water interface. As shown on 
the right, the larger alkyl groups re¬ 
sult in a larger experimentally deter¬ 
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large to produce spectroscopic 
properties very similar to those 
observed in solution. 










6.4 Photophysical Properties and Interpolymer Electronic Interactions | 241 

face assembly of polymers with alternating sequences of hydrophilic and hydro- 
phobic side-chain substituted monomers. By virtue of its confinement to the 
two-dimensional air/water interface, this structure does not exhibit cofacial 7i-inter- 
actions between chains, and its properties are consistent with a two-dimensional 
liquid crystal. In between these two extremes we have developed polymers that ex¬ 
hibit an intermediate structure that we have referred to as the zipper phase, in 
which alternate monomers have edge-on and face-on organizations. The zipper 
structure displays an interlocking structure between polymer chains resembling 
that of a conventional zipper. To produce this highly correlated structure it is of 
crucial importance to minimize the number of diacetylene linkages in the poly¬ 
mers, because even at low concentrations they introduce defects that dramatically 
change the character of the film in the alternating structure. As shown in 
Figure 6.3, polymer 8 was designed to display a face-on structure at low pressure 
and with increased pressure it transforms into a zipper structure. Alternatively we 
have also produced polymers (polymer 9) that display equilibrium zipper struc¬ 
tures that can be transformed to edge-on structures at higher pressures. 


Polymer 7 Polymer 8 



Figure 6.3 Well defined phases of PPEs arranged at the air/water interface. The polymers are 
made up from monomers A, B, C, and D, with different organizational preferences at the inter¬ 
faces. With applied pressure, monomers C and B in polymers 8 and 9, respectively, can be made 
to rotate into an edge-on organization. 


To establish the structures and spectroscopic features of the edge-on, face-on, and 
zipper phases we analyzed a multitude of spectra and structure property relation¬ 
ships. The volume of data and discussion required to make definitive assignments is 
beyond the scope of this review and the interested reader is referred to our primary 
publications [28, 29]. Nevertheless, the consistency of the results is readily revealed 
by simple inspection of the UV/Vis absorption spectra (Figure 6.4) taken from the 
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different monolayer phases at the air/water interface. The absorption intensity scales 
with the density of the polymer chromophores at the surface, and hence the face-on 
structure has the lowest absorption cross-section and the edge-on structure the high¬ 
est. A very surprising conclusion from this study is that solution spectra most closely 
resemble the zipper phases. We can thus infer from this that in solution most PPEs 
have considerable conformational disorder and lack extended conjugation. 



Figure 6.4 Comparison of the UV/Vis absorption spectra of the monolayers shown in Figure 6.3 
at different surface pressures (mN itT 1 ). The PPEs have slightly different band-gaps due to their 
different structures, but the correlations between the spectra of the polymers having the same 
phase are clear. The face-on structures of polymers 7 and 8 have very similar spectra at pressures 
of 0 mN rrT 1 , and at 20 mN m -1 polymer 8 adopts the same higher band-gap zipper structure as 
displayed by polymer 9 at 0 mN m -1 . At higher pressure polymer 9 transforms to the edge-on 
structure that is displayed by polymer 10 at 0 mN m -1 . 


As discussed earlier, to produce highly luminescent PArEs in thin films the uni¬ 
versal rule has been to avoid strongly interacting chains. This is generally accom¬ 
plished by appending the polymers with large, bulky chains. However, to produce 
sufficient entropies in solution, the side chains generally need to be flexible and 
electronically inactive. These large side chains have two negative consequences: 
they dilute the active electronic elements, namely the conjugated chains, and 
they make for softer, lower modulus materials that often structurally evolve to pro¬ 
duce solids with small amounts of interpolymer associations capable of producing 
self-quenching and broadened emissions. To create non-interacting chains that are 
immune from these limitations we designed polymer 11 containing pentiptycene 
functionalities [30]. As a consequence of the 2.2.2 fused ring system the scaffold 
is completely inflexible, and spin-coated films could not be made to display inter¬ 
chain electronic interactions even with extended heating [31]. A secondary conse¬ 
quence of this scaffold is the generation of high degrees of free volume that 
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allow for galleries to exist within the polymer film. This structure was 
demonstrated to have size exclusion characteristics in sensory experiments. The 
free volume also provides a novel mechanism to produce greater stability from 
oxidative degradation. Consistently with Winsteirfs classical model for the elec¬ 
tronic stabilization of carbocations by neighboring n-bonds [32], site isolation of 
the polymer’s allcynes endows films of polymer 11 with extraordinary stability 
among PPEs. 



Variations in the electronic structures of PArEs can be used to produce materials 
with different band-gaps (emission colors). A well known example is to include an 
anthracene group, as in polymer 12, which produces a more red-shifted emissive 
material [33]. This bathochromic shift is understood to arise because the center 
ring of the anthracene is less aromatic than a simple phenyl moiety. Aromatic sta¬ 
bilization tends to localize the electronic structures of materials; hence, because of 
the anthracene group, polymer 12 is more delocalized than a typical PPE and has a 
reduced band-gap. A less well known electronic design principle involves forma¬ 
tion of systems with longer excited state lifetimes. Extended excited state lifetimes 
are of importance for applications that make use of the ParEs’ ability to transport 
excited states over long distances. Lifetime engineering can be accomplished by in¬ 
corporating large polycyclic chromophores into PArEs, which themselves have long 
excited state lifetimes. Two systems that accomplish this are the polymers 13 [34] 
and 14 [35]. Triphenylene and dibenzo[g,p]chrysene derivatives tend to have much 
longer lifetimes than PPEs (generally <600 ps) and the incorporation of these 
groups into the polymers generates materials with extended lifetimes of 700 ps 
and 2.6 ns, respectively. A key consideration when implementing this design prin¬ 
ciple is that the polycyclic aromatic moiety must have high aromatic character in 
order to preserve its electronic character and thereby transfer some of its original 
photophysical properties to the PArE. 

Although random interchain electronic couplings generally produce non-emis- 
sive states, there are arrangements by which these interactions can exhibit an emis¬ 
sive state. In these systems the emission efficiency is controlled by the relative or¬ 
ientation of the transition moments of the neighboring polymer chains and there 
is a general tendency for PArEs and other electronic polymers to exhibit interpoly- 
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mer associations with chain alignment. This organizational propensity is driven by 
orbital overlap and anisotropic polarizability, with the resultant interpolymer elec¬ 
tronic couplings dependably producing low-energy traps with decreased emission 
efficiencies. This situation has interesting parallels to classical descriptions of exci- 
ton coupled chromophores, in which a parallel eclipsed alignment of small mole¬ 
cules results in a cancellation of the aggregate’s transition moment [36]. However, 
these classical models do not provide a completely satisfactory description of the 
properties of semiconducting polymers with extended electronic systems, and 
more recent theoretical studies on PPV model systems have articulated the differ¬ 
ences associated with semiconducting polymers [37]. Nevertheless, it has been pro¬ 
posed that, similarly to classical exciton theory, an oblique arrangement (neither 
parallel or perpendicular) of coupled electronically polymeric chains will produce 
an emissive state. In recognition of this theoretical framework we shortly thereafter 
proposed that an unexpectedly highly emissive PPE aggregate derived its extraor¬ 
dinary properties from isolated oblique aggregates [38]. We reasoned that polymer 
15 was coerced to adopt isolated oblique electronic interactions between the poly¬ 
mer chains by the cyclophane macrocycles that prevent strong interpolymer elec¬ 
tronic interactions in parallel interchain geometries (Figure 6.5). Consistent with 
this explanation, similar aggregates could not be produced when films of 15 
were produced by a Langmuir-Blodgett method. Under these deposition condi¬ 
tions the polymers were forced to have parallel chains originating from their 
assembly at the air/water interface. 
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Figure 6.5 Proposed oblique aggregate of polymer 15 giving rise to the red-shifted absorption 
and emission spectra in spin-cast films. The broad nature of the thin film emission spectrum 
is typical of an aggregate, although unlike typical aggregates this one has a high quantum yield 
of 21 %. 


Our understanding that an oblique arrangement of polymers can give an emis¬ 
sive state with strong interchain interactions was a guiding principle in our design 
of highly fluorescent PPEs with truly three-dimensional electronic structures. Un¬ 
fortunately, cyclophane residues as in IS yield only metastable oblique aggregates. 
We have therefore introduced chiral side chains onto the polymers in order to gen¬ 
erate extended structures with non-canceling transition moments reproducibly, by 
producing a torque between associated chains [39]. In general, we seek to assemble 
the polymers into a helical structure with the polymer chains oriented perpendic¬ 
ularly to the helical axis. Simple substitution of chiral side chains in polymer 16 
was found to introduce this helical arrangement only as a metastable transient 
state. The final assembled state, which evolves from the addition of a poor solvent 
that induces aggregation, was non-emissive and lacked the chiral-optical properties 
of a helical assembly. These studies revealed that in order to stabilize the oblique 
structure it is necessary to prevent the formation of more favored assemblies of 
parallel aligned polymer chains. To accomplish this we made use of the pentipty- 
cene group used earlier in the design of chiral polymer 17, which is incapable of 
parallel interchain electronic interactions [40]. This approach was very successful. 
As shown in Figure 6.6, the rigid structure of the pentiptycene produces a notched 
polymer structure and a very stable interlocking grid. The assembly of the grid is 
kinetically slow, as it requires a considerable amount of organization. Also shown 
schematically in Figure 6.6, spectroscopic studies reveal that the assembly of the 
grid proceeds through an initial association of less ordered polymer chains and 
structurally evolves to give the final highly emissive aggregate. 

The three-dimensional electronic structure of polymer 17’s chiral grid produces a 
highly emissive state and has important implications for the applications of electro¬ 
nic polymers. These design principles enhance the sensory properties [40] and pave 
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Figure 6.6 The process for the assembly of polymer 17 into the chiral helical structure d. The 
polymers begin in solution as non-interacting polymer chains (a) and with the addition of a poor 
solvent polymer 17 begins to associate. This initially produces a less organized phase b, which 
structurally evolves into a more regular interlocking grid c with an extended helical structure d. 


the way to new photovoltaic materials, which require long-lived mobile excited 
states and three-dimensional electronic structures to transport charge (electrons 
and holes) efficiently. 
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6.5 

Sensor Applications 

Much of the present interest in PArEs is related to their use in the amplification of 
sensory responses [41]. The general ability of an electronic material to produce gain 
(amplification) is derived from its transport properties and for electronic polymers 
this has been demonstrated for the transport of both charge and energy [42]. We 
initially embarked on our sensory studies of PPEs in order to establish that indivi¬ 
dual molecular wires could be made to amplify a transduction event. The notion of 
using an optical sensory signal, rather than an electrical signal, was particularly at¬ 
tractive to us because of the difficulty in making resistivity measurements on indi¬ 
vidual wires. By using fluorescence spectroscopy it is possible to study dilute solu¬ 
tions of isolated molecular wires. 

The initial fundamental issue to be addressed in our molecular wire proposal 
was: “will the hard wiring of individual sensory molecules together with molecular 
circuitry produce an enhanced sensory response?” To answer this question we de¬ 
signed monomeric (18) and polymeric (19) fluorescent sensory materials with a cy- 
clophane macrocycle [43] known to bind methyl viologen [44], a well known elec¬ 
tron-accepting fluorescent quenching agent (Figure 6.7). The amplification in 
this system is a result of the high mobility of the photon-induced excited state gen¬ 
erated on the polymer. As in all organic molecules there is a geometric relaxation 
around this excited state. This distortion is localized and has a physical dimension. 

As a result these species are best described by a quasiparticle formalization, and 
the excited states are called excitons. When an exciton encounters a receptor occu¬ 
pied by methyl viologen, a highly efficient electron transfer reaction occurs and the 
polymer is returned to its ground state without emission of a photon. This process 
gives an effective binding constant that is the product of the number of binding 
sites visited by the exciton and the binding constant of an individual receptor. 

By design, the receptors on the polymer and the monomeric compound exhibited 
the same binding constant to methyl viologen, and hence Stern-Volmer quenching 
studies represented the net amplification provided by the exciton migration [43]. In 
these studies we were careful to factor out the binding constant from the response 
to achieve a true amplification factor. Systems lacking well defined receptors can 
provide for additional complications, in which the form of the polymer influences 
the effective binding constant. This has led to inconsistencies in the definition of 
the amplification factors. In more recent studies in which researchers also studied 
quenching by viologens, for example, they included the binding constants in their 
reported amplification [45], thereby reporting amplification factors that may be 
more than 10,000 times the amplification that can be ascribed to exciton transport. 

By using discrete methyl viologen receptors wired in series, we were able to de¬ 
termine the diffusion length of an exciton on an isolated PPE chain in solution un¬ 
ambiguously [43]. To accomplish this we investigated a series of polymers of vary¬ 
ing molecular weights. When the length of the polymers exceeded the diffusion 
length of the exciton, we found that further increases in molecular weight did 
not extend the exciton diffusion length. By this method we found that the exciton 
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Monomeric Chemosensor: Sensitivity determined by the equilibrium constant 



Receptor Wired in Series: Amplification due to a collective system response 
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Figure 6.7 Monomeric (top) and polymeric (bottom) fluorescent receptors for methyl viologen. 
In solution the monomeric system gives a static 1:1 quenching with methyl viologen binding, but 
for polymers with n £ 67 a single binding event quenches the entire polymer. 


could visit 67 receptor units or 134 phenylene ethynylene units. Although this re¬ 
presents a significant amplification, we have shown that this effective one-dimen¬ 
sional (intrapolymer) diffusion of excitons represents a small fraction of the true 
ability of PArEs to amplify sensory responses. To understand this limitation one 
must consider that the excitons in our initial experiments were constrained to dif¬ 
fuse on a single polymer in a one-dimensional random walk. The statistics of such 
a diffusion are such that for an exciton to diffuse over 134 sites the exciton must 
make (134) 2 random stepwise movements. In this situation the majority of the ex- 
citon’s motions are unproductive, as it may visit some receptor sites many times. 

A straightforward and simple approach to improved sensitivity is to put the sen¬ 
sory polymers into bulk films in which the excitons are free to diffuse in three di¬ 
mensions. The enhancement with increased dimensionality has been studied in 
detail by systematic studies of thin films built in consecutive layers by Lang- 
muir-Blodgett deposition methods [46]. As a result of the improved energy migra¬ 
tion in three dimensions, luminescent thin films exhibit considerably greater am¬ 
plifying characteristics. A particularly noteworthy application of the extreme signal 
enhancement that is possible is the high sensitivity of polymer 11 to trinitrotoluene 
(TNT) [30, 31]. As shown in Figure 6.8, TNT is a very good electron-accepting fluor¬ 
escence quencher, and polymer 11 and related materials provide a basis for new 
explosives detection systems. An advantage of the higher sensitivity PArE sensor 
systems over conventional ion mobility systems deployed at airports is that PArE 
detectors have sufficient sensitivity to detect TNT vapors. Conventional ion mobility 
spectrometers currently deployed in airports require much larger quantities of ex¬ 
plosives, and hence explosive particles must be present. The most demanding ex¬ 
plosives detection application is perhaps the detection of buried landmines. Given 
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Figure 6.8 Thin films of polymer 11 shown schematically have a porous structure that binds 
TNT and produces an amplified sensory response. The electron-hole pairs (excitons) migrate 
throughout the structure and, when they encounter TNT electron transfer quenching occurs. 
The fact that the exciton can visit many (> 10 4 ) repeating units increases the probability of 
encountering TNTand produces an ultra-sensitive sensor. 


that the equilibrium vapor pressure of TNT is only 7 ppb, the explosive vapor that 
exists in the head-space over a landmine is indeed a challenging signal to detect. 
Nevertheless, sensors using PArEs have been able to detect landmines in the 
field [47]. 


6.6 

Superstructures 

The properties of electronic polymers universally depend on their environment and 
their conformational properties. Although most of the PArEs investigated are lin¬ 
ear rigid-rod polymers, in reality they have random coil structures in solution with 
large persistence lengths [48]. The entropy afforded by a random coil structure as¬ 
sists in making the polymers soluble and generally their solubility will be greatly 
reduced if the polymers are made sufficiently rigid to force a completely linear 
structure. Nevertheless, the formation of highly organized chain-extended struc- 
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tures is not only key to fundamental investigations of PArEs, but is also important 
for the production of materials with optimized properties. 

The confinement of PArE chains to a two-dimensional air/water interface drama¬ 
tically reduces a material’s conformational space and favors a more extended struc¬ 
ture. The face-on structure, which avoids strong enthalpic interactions between 
neighboring polymers, produces a two-dimensional liquid crystal phase that is 
readily aligned by anisotropic compression and flow. Studies at the air/water inter¬ 
face and in highly aligned deposited films have been indispensable for establishing 
fundamental spectroscopic and transport investigations [46]. The ability to add one 
layer at a time has further utility for the formation of nanostructures. In this regard 
we have been interested in producing films for directed energy transport, a process 
with broad applicability in many photonic technologies. Langmuir-Blodgett pro¬ 
cesses offer an efficient approach to these systems by allowing sequential addition 
of polymer layers of varying band-gaps. To promote dipolar energy transfer be¬ 
tween layers the emission of a donating polymer should have high spectral overlap 
with the absorption of the acceptor. Three different PArEs that satisfy this criteria 
are polymers 20, 21, and 22. Stratified thin films of these materials prepared by 
Langmuir-Blodgett deposition displayed extremely efficient vectorial energy trans¬ 
fer as shown schematically in Figure 6.9 [49]. 



Figure 6.9 Polymers 20, 21, and 22 are assembled into a multilayer structure for vectorial energy 
transport. The color-coded emission and absorption spectra illustrate the overlap between the 
emission of the donor polymers with the absorption of the acceptors. As shown on the left, a 
stratified assembly of these materials in multilayer films gives a system capable of harvesting a 
broad spectrum of light and directionally transporting the excitons to the lowest band-gap 
polymer 22. 


Arrays of aligned nanofibrils are also of interest for study of electronic transport 
in polymers in restricted arrangements and for investigation of their nanomecha¬ 
nics. Nanofibrils can be readily prepared with bulk alignment by a surface recon- 
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struction that we have observed in aligned PPE monolayers deposited by the Lang- 
muir-Blodgett method [50]. These nanostructures form spontaneously when am¬ 
phiphilic PPEs are deposited upon a non-polar interface. As schematically illustrat¬ 
ed in Figure 6.10, the thus deposited polymers have high surface energies (polar 
functionality exposed to the air) and weak anchoring to the surface (hydrophobic 
interactions). To lower their energy, the polymers roll into cylinders with their 
polar groups aligned inward for improved dipolar stabilization. Critical elements 
of this assembly process are the rigid rod structures and the high degrees of 
chain alignment of the PPEs. Without these factors the films would separate 
into irregular globular domains, and indeed such behavior is achieved if the 
films are heated to a temperature at which the alignment is lost due to polymer 
dynamics. 



Figure 6.10 Assembly process for formation of nano-filaments from PPEs such as polymer 19. 
The polymers are first assembled into an aligned two-dimensional liquid crystal film at the air/ 
water interface of a Langmuir-Blodgett trough and are then transferred to a hydrophobic sub¬ 
strate (functionalized silica). The resultant high-energy polar surface then reconstructs and the 
polymers roll up into nano-filaments that are imaged with atomic force microscopy (bottom left) 
and are observed to preserve the bulk directional alignment produced in the deposition. 


The power of the Langmuir-Blodgett method is that it allows great precision in 
the study and organization of PArEs. However, there is the need to process these 
materials from solution. We have been interested in developing methods capable of 
producing aligned polymers in solution that can perhaps be used to produce very 
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precise thin films in mass. To this end we have been actively developing other 
methods to align polymers in solution or in bulk films. One method makes use 
of nematic liquid crystalline solvents that can be readily aligned with fields or in¬ 
terfaces over macroscopic distances. The anisotropic one-dimensional order in a 
nematic liquid crystal solvent favors chain-extended conformations of linear 
rigid-rod PArEs rather than the random coils that dominate in isotropic solvents. 
To accomplish this alignment it is necessary to produce PArEs with high solubility 
in the liquid crystalline solvents. This property is not as easily achieved as might be 
imagined at first glance. A cursory screening of a number of PArE and PPV poly¬ 
mers (which are readily soluble in typical non-polar or polar organic solvents) re¬ 
vealed that few of these materials are soluble in thermotropic liquid crystals. 
The instability of most polymer liquid crystalline solvents can be understood 
when one considers that the polymers are being forced into chain-extended confor¬ 
mations that have reduced entropy. These conformations are also poised to aggre¬ 
gate or crystallize. 



Figure 6.n Polymer 
23 and a schematic 
representation of its 
interaction with a ne¬ 
matic liquid crystalline 
solution. The liquid 
crystalline molecules 
force an alignment of 
the polymer to produce 
a structure that best 
fills space around the 
triptycene groups and 
the polymer backbone. 


Therefore, to create stable solutions of conjugated polymers we needed to add 
functionality to the polymer to enhance interactions with the liquid crystal solvent 
and also to prevent strong interchain interactions. Both criteria are met by polymer 
23 (Figure 6.11), which contains pendant triptycene groups [51]. The three-dimen¬ 
sional shape of the triptycene units prevents strong interchain n-interactions, simi¬ 
larly to the pentiptycene-containing PPEs (polymer 11). This triptycene structure 
also has the novel effect of producing a high degree of interaction and directional 
coupling with the liquid crystalline solvent [52]. This latter effect is a result of the 
concave clefts formed by the aromatic surfaces of the triptycene, which, when dis¬ 
solved in a liquid crystalline solvent, induce a preferred organization of the liquid 
crystalline molecules about the polymer (Figure 6.11). As is readily apparent from 
simple inspection of the polarized absorption spectra from an aligned liquid 
crystalline solution, the PPE chains are highly aligned and in a chain-extended con¬ 
formation. An additional feature apparent from comparisons of the polymer’s ab¬ 
sorption spectrum in a variety of media is that the conjugation length is consider¬ 
ably enhanced in the liquid crystalline solution relative to that observed in an iso- 
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tropic solvent (methylene chloride in this case). In solution, semiconducting poly¬ 
mers generally have a broad emission that reflects a composite absorption from a 
number of different conjugation lengths, and the polymers can best be considered 
as a polychromophoric mixture. This distribution of chromophores generally sums 
to give the observed spectrum with a Gaussian character, as is the case in the 
methylene chloride solution of the PPE (Figure 6.12). In contrast, PPE dissolved 
in the liquid crystal is distinctly non-Gaussian and has a very distinct nearly vertical 
absorption profile at its low energy band edge. This unusual spectral shape indicates 
that the polymer is in an extended and highly planarized conformation and is con¬ 
sistent with what would be calculated from its one-dimensional band structure with 
an infinite conjugation length. For PPEs, as in the case for all one-dimensional sys¬ 
tems, the highest density of states (most orbitals per unit energy) occurs at the band 
edges [53]. Given the allowed nature of the transitions between the valence band 
(HOMO band) and the conduction band (LUMO band), we expect that the highest 
absorption coefficient should be the lowest energy transition. This is exactly what we 
observe, and the liquid crystal solutions of PPEs therefore not only yield chain 
extension and macroscopic alignment, but also produce an optimized electronic 
structure. This ability to organize electronic polymers with nearly perfect electronic 
structures opens exciting new possibilities for studying electronic transport in these 
systems and is the subject of ongoing investigations. 


One Dimensional 2 Band System 
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Figure 6.12 Shown on the left is a schematic generic representation of the density of states 
(DOS) for a one-dimensional system in which there is a peak at the band edge. On the right is the 
absorption spectrum of polymer 23 in a nematic liquid crystalline phase (l-(trans-4-hexylcyclo- 
hexyl)-4-isothiocyanatobenzene 7 m = 12.4°C, T ni = 42.4 °C) and in methylene chloride solution. 
Notice that the steep rise of the absorption is what would be expected on the basis of a simple 
DOS argument. 




Polymer hosts can also be used to create highly aligned PPEs. This was first de¬ 
monstrated by mixing PPEs in high molecular weight polyethylene, which can be 
aligned by mechanical stretching [54]. By this method, materials with very high op¬ 
tical anisotropy were obtained, and it was suggested that these materials could find 
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applications in the brightening of liquid crystal displays. A further extension of this 
approach was to mix small molecule dyes that exhibit a random orientation into 
the polyethylene. These could then absorb polarizations other than those aligned 
with the transition moment of the polymer. In this way the dyes transfer energy 
to the polymer films and thereby harvest light of all polarizations but emit light 
of one dominant polarization. 
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Scheme 6.1 Synthesis of polystyrene grafted PPE by ATRP polymerization. 


We have developed an alternative method for the alignment of PPEs, based upon 
their confinement to one phase of a nanostructured monodisperse block polymer. 
In doing so we have made use of the bulk alignment of cylinder phases of block 
copolymers by using the roll-casting method developed by Thomas [55]. To test 
this scheme we sought to confine PPE guests selectively in the minor (cylinder) 
component of a cylinder phase of a low polydispersity polystyrene-polyisoprene- 
polystyrene block copolymer (M„ = 101,000, PDI = 1.05) that could be readily 
roll-cast into highly ordered films. To produce the desired phase partitioning of 
the PPE into the minor polystyrene component we initially functionalized poly¬ 
mers as shown in Scheme 6.1 with initiating groups for an atom transfer radical 
polymerization (ATRP) [56]. The ATRP method then allowed us to initiate polystyr- 
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ene chains from the polymer backbone in a controlled fashion that should generate 
grafted chains of moderate to low polydispersity [57]. The overall alignment of the 
PPEs is confirmed by polarized UV/Vis spectroscopy of the bulk films. Interest¬ 
ingly, the emission indicated a higher polarization than the absorption, which sug¬ 
gests that the same exciton migration that produces enhanced sensory responses is 
operative in these materials. As illustrated in Figure 6.13, this behavior can be ac¬ 
counted for by considering that the most extended highly conjugated polymer 
chains are best aligned with the polystyrene cylinders. However, at the interfaces 
of the cylinders the polymers have more of a coiled higher band-gap structure. 

In this way excitons created on the coiled portion of the polymers migrate to the 
highly aligned lower band-gap regions. In so doing, the polymer harvests light 
from both parallel and perpendicular polarizations and can emit more dominantly 
with polarization parallel to the cylinders. 


Figure 6.13 Schematic representation of 
polystyrene cylinders of an aligned block 
copolymer film with dissolved PPE chains. 
There are ordered and disordered regions 
of the PPE, with the ordered regions having 
a lower band-gap and being better aligned 
with the cylinders. Absorption of photons 
in the higher disordered regions creates 
excitons that migrate to the lower band-gap 
regions and hence the emission polariza¬ 
tion is higher than the absorption. 



6.7 

Summary 

Poly(aryleneethynylenes) have emerged as one of the most important classes of 
semiconducting polymers. Among their important properties are their rigid 
shape-persistent nature, their outstanding photophysics, their structural diversity, 
and sensory properties. It is clear that this class of materials will be an important 
element in many new emerging technologies. 


6.8 

General Procedures for Synthesis of PPEs 

The synthesis of PPEs is relatively straightforward but the conditions required can 
vary considerably, depending on the solubility of the monomers and polymers and 
the reactivity of the organic halide. As mentioned earlier, to create polymers of the 
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highest molecular weight a slight excess of the acetylene monomer is required. The 
quantity of excess acetylene monomer required to compensate for diacetylene for¬ 
mation will vary (1-3 %) depending upon the conditions and monomers. 

The following is a procedure for the formation of polymer 11, the long reaction 
time used reflecting the low solubility of the pentiptycene monomer. The mono¬ 
mers were used in a strict 1:1 ratio to provide a molecular weight of 144,000 
(PDI = 2.6). Under an atmosphere of argon, diisopropylamine/toluene (2:3, 
2.5 mL) solvent was added to a 25 mL Schlenk flask fitted with a Teflon™ valve 
capable of holding high vacuum, containing the pentiptycene compound appended 
centrally with two terminal alkynes (40 mg, 0.084 mmol), l,4-bis(tetradecanyloxyl)- 
2,5-diiodobenzene (63 mg, 0.084 mmol), Cul (10 mg, 0.053 mmol), and Pd(PPh 3 ) 4 
(10 mg, 0.0086 mmol). This mixture was sealed with the Teflon™ valve, heated at 
65 °C for three days, and then subjected to a CHC1 3 /H 2 0 workup. The combined 
organic phases were washed with NH 4 OH solution, NH 4 C1 solution, and water, 
and then dried (MgS0 4 ). The solvent was removed in vacuo, and the residue 
was dissolved in CH 2 C1 2 , precipitated in methanol, and washed with excess metha¬ 
nol. The solid was then dried and subjected twice more to the same precipitation 
purification procedure. The resultant polymer 11 was a yellow solid with a strong 
green emission (76 mg, 75%). 
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Polyynes via Alkylidene Carbenes and Carbenoids 

Sara Eisler and Rik R. Tykwinski 


7.1 

Introduction 

Interest in polyalkynyl-containing structures has exploded over the last two de¬ 
cades, and sp-hybridized carbon building blocks have been incorporated into a 
great number of carbon-rich molecules [1], In addition to their fascinating struc¬ 
tures, many of these molecules have unique electronic, mechanical, and structural 
properties that make them attractive as advanced materials [2]. Cyclic carbon allo- 
tropes consisting entirely of sp-hybridized carbon have also been objects of intense 
interest for many years [3-4], while carbyne, the hypothetical linear form of sp- 
hybridized carbon, has continued to be a significant synthetic challenge [5-6]. 

The desire to incorporate alkynyl moieties into carbon-rich scaffolding requires 
synthetic methods that can accomplish this goal in a facile manner. The three 
methods most commonly used to form polyynic structures are the Cadiot-Chodkie- 
wicz reaction [7], the Sonogashira cross-coupling reaction [8], and oxidative homo¬ 
coupling by the Glaser, Hay, or Eglinton/Galbraith techniques [9]. The common 
link between these methods is the need for a terminal acetylene as a starting ma¬ 
terial; such molecules can be unstable and difficult to manipulate. 

In general, the formation of extended polyyne systems can be problematic, due 
to the usual correlation between a dramatic decrease in stability and an increase in 
the number of conjugated acetylene units. Several strategies to circumvent the 
need for terminal alkynes as precursors to larger systems have been developed. Ap¬ 
proaches that avoid a separate deprotection step, for example, include the desilyla- 
tion of a protected alkyne in situ [10], and the direct cross-coupling of a trialkylsilyl- 
protected acetylene [11]. Alternatively, the polyyne framework can be formed in the 
final synthetic step either through elimination or through extrusion of a suitable 
functional group [12]. While these routes have afforded a number of interesting 
derivatives, their generality has in many cases yet to be established. 

The work described in this chapter outlines an emerging synthetic route to poly¬ 
ynes that circumvents the need for unstable terminal alkynes as precursors 
through the use of alkylidene carbene and carbenoid species. In varying degrees 
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of detail it also surveys some of the unique properties displayed by these newly 
obtained materials, including solid-state structure and stability, and the linear 
and nonlinear optical properties of conjugated polyynes. 


7.2 

Alkylidene Carbene and Carbenoid Species 


Alkylidene carbenes/carbenoids (1 and 2) are reactive intermediates capable of un¬ 
dergoing several distinct reactions (Scheme 7.1) [13]. Carbenoid 1 and alkylidene 
carbene 2 are distinguished by the association of the carbon in 1 with a metal 
and a halogen (or another leaving group), while the free carbene 2 has no such 
ties. The two extremes can vary greatly in reactivity. Within this range of reactivity, 
solvent, (3-substituent, and temperature can all affect the reaction outcome. For car¬ 
benoid intermediates, both the metal and the leaving group can also greatly influ¬ 
ence the reaction [13e]. 

H 




Scheme 7.1 Reactions of alkylidene carbenes/carbenoids. 


Alkylidene carbenes 2 are perhaps most easily recognized as a convenient route 
to cyclopentenyl rings 3 through 1,5-insertion into an unactivated C—H bond 
(Path A). They are also progenitors to cyclopropylidene rings 4 by carbene addition 
into an olefin (Path B) [13a, 13b]. On the other hand, alternative (predominantly 
carbenoid) pathways can be quite effective for the formation of carbon-rich materi¬ 
als through oligomerization reactions, such as, for example, 1,2,3-butatrienes 
5 (Path C) [14] and radialenes 6 (Path D) [15-16]. It is, however, Path E - the 
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rearrangement of a carbenoid 1 (or carbene 2) to an alkyne 7 - that represents a 
potential route to extended conjugated polyynes. 


7.3 

Alkyne Formation from Carbenes and Carbenoids 

Three German chemists, Fritsch, Buttenberg, and Wiechell, demonstrated the abil¬ 
ity of a carbenoid intermediate 1 to collapse to an alkyne through 1,2-migration of 
a pendent aryl moiety in 1894. The synthesis of an acetylene from a carbene or car¬ 
benoid precursor has thus commonly become known as the Fritsch-Buttenberg- 
Wiechell (FBW) rearrangement [17]. Since its discovery, a broad range of substi¬ 
tuted tolans have been formed by application of the FBW rearrangement, as well 
as many acetylene derivatives with alkyl and vinyl substituents [13b]. While 
many of these reactions have been reviewed [13], it is worth surveying several ex¬ 
amples to demonstrate the breadth of this reaction for alkyne formation. 

7.3.1 

Synthesis of Acetylenes: the Fritsch-Buttenberg-Wiechell Rearrangement 

Fritsch, Buttenberg, and Wiechell’s initial studies involved the treatment of a 
monohaloolefm such as 8 (Scheme 7.2) with a base at rather high temperatures 
to give the carbenoid intermediate 9, with subsequent migration of one of the 
aryl groups to produce the tolan product 10. Modern variants of the FBW rearran¬ 
gement often involve treatment of a dihaloalkene such as 11 with an alkyllithium 
base (typically BuLi or PhLi) to form the carbenoid intermediate 9, although a mul¬ 
titude of modifications to this general method have been reported [13]. 



Scheme 7.2 The Fritsch-Buttenberg-Wiechell rearrangement. 
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As well as aryl groups as demonstrated in Scheme 7.2, heteroaryl moieties such 
as thiophenes also demonstrate a high migratory potential in the FBW reaction 
[18]. A clever one-pot route for symmetrical or unsymmetrical alkyne formation, 
including the formation of dithienylacetylene 12, has been reported by Savignac 
and co-workers (Scheme 7.3). Addition of phosphonate 13 and ketone 14 to a solu¬ 
tion of LiHMDS gave dichloroalkene 15, and the subsequent addition of two equiv. 
of BuLi effected the high-yielding FBW rearrangement of 15 to 12. 


(EtO)2P—|—H 
Cl 


13 



LiHMDS 

-78 "C 
to rt 



Scheme 7.3 Savignac's one-pot 
synthesis of acetylenes. 


While there have been few systematic studies [19], empirically it has been estab¬ 
lished that aryl groups have a stronger tendency than alkyl moieties towards migra¬ 
tion in FBW rearrangements. Nonetheless, methods that induce alkyl groups to 
undergo migration have been established. Normant and co-workers, for example, 
have recently demonstrated that substituted zinc carbenoids 16a smoothly rear¬ 
range to form dialkyl-substituted alkynes such as 17 (Equation 7.1) [20]. Strategic 
13 C labeling of the precursors 16 also afforded the identity of the migrating 
group in this study. Interestingly, the successful rearrangement of 16a contrasts 
that of the analogous lithium carbenoid 16b, which fails to form the acetylene 
17 in greater than 10% yield [20b]. 



16a X = ZnX 17 70% 

16b X = Li 


Equation 7-1 


It is perhaps not surprising that the cyclopropyl group has a moderate migratory 
aptitude, intermediate between that of an alkyl and an aryl moiety [21]. This has 
been explored by Kobrich, who has shown that treatment of chloroolefm 18 with 
BuLi at low temperature effects rearrangement to 19 in decent yield (Equation 7.2). 
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BuLi, THF 
-90 "C 




19 77% 


Equation 7-2 


Likewise, the vinyl moiety has a reasonable migratory aptitude and is a willing 
participant in the FBW rearrangement under the appropriate conditions. For exam¬ 
ple, treatment of 20 with BuLi generates the carbenoid intermediate, followed by 
rearrangement to the enyne derivative 21 (Equation 7.3) [22]. It is interesting to 
note that the analogous rearrangement with the Z-isomer of the monochloroolefm 
20 yields only 14% of the desired enyne 21. 



Equation 7-3 


The intramolecular migration of a pendent group in a FBW rearrangement has 
long been a route for the formation of cyclic allcynes difficult or impossible to pro¬ 
duce by more traditional means. The synthesis of incredibly strained cycloalkynes 
can be achieved by this approach, and the formation of cyclopentyne 22 represents 
a good example (Equation 7.4). Treatment of (bromomethylene)cyclobutane 23 
with t-BuOK [23] or of (dibromomethylene)cyclobutane 24 with PhLi [24] provides 
a carbenoid intermediate that rapidly rearranges to give cyclopentyne. While un¬ 
stable to isolation, the transient intermediate 22 has been trapped by a number 
of different reagents, affording products consistent with its formation. Larger 
cycloalkynes are also readily provided by this and analogous methods [25]. 



O PhLi, 

benzene/ether 
* -40 °C to 0 °C 

22 24 



Br 

Br 


Equation 7-4 


Whereas the formation of cyclopentyne 22 involves the migration of an alkyl 
group, migration of an aryl moiety can be even more effective in the formation 
of strained cyclic products. Treatment of monochloroolefm 25 with PhLi at ambient 
temperature, for example, resulted in the formation of the cycle 26 (Equation 7.5), 
presumably through the FBW rearrangement of a carbenoid intermediate. While 
the strained cyclic alkyne 26 could not be isolated, its existence was supported 
by the formation of products consistent with its reaction with PhLi in situ [26]. 
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Equation 7-5 


A clever variation of the FBW process was used by Nakagawa and co-workers to 
afford cyclic tolans with increasingly strained frameworks (Scheme 7.4). Two differ¬ 
ent series were assembled, based on the connectivity of the ethereal bridging unit. 
In the first case, rearrangement of the dichloroolefins 27 with BuLi at low tempera¬ 
ture gave the p,p-bridged cycles 28, molecules in which the phenyl rings are held in 
a coplanar conformation [27]. In a similar manner, dibromoolefins 29a and mono- 
bromoolefms 29b (X = H), were rearranged with BuLi in moderate yields to provide 
the o,p-bridged cycles 30. In this situation, the two phenyl rings of the increasingly 
strained molecules are now twisted away from coplanarity [28]. 



29a X = Br, n = 10, 11, 12 30 n = 7-12 

29b X = H, n = 7, 8, 9 

Scheme 7.4 Nakagawa's cyclic tolans by the FBW rearrangement. 


A double FBW rearrangement of the tetrachloro-precursor 31 has been success¬ 
fully used by Oda and co-workers to assemble the planar, strained dehydroannu- 
lene 32 in a surprisingly good yield of 30% (Equation 7.6) [29]. Attempts to obtain 
32 by other methods resulted only in trace formation of the desired macrocycle, the 
major product being the larger, trimeric analogue. X-ray crystallographic analysis of 
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32 showed that the alkyne moieties introduced into the conjugated framework 
through the carbenoid rearrangement are substantially distorted by ring strain, 
with the average C—C=C bond angle reduced to 166°. 




Equation 7-6 


Alkyl, vinyl, and aryl functionalities all have established potential as migrating 
groups in Fritsch-Buttenberg-Wiechell rearrangements. Alkynes, on the other 
hand, had not been shown to undergo migration in either a free carbene or carbe¬ 
noid intermediate until very recently. It is this process that presents a potentially 
useful route for the formation of extended, conjugated polyynic systems. 

7.3.2 

Synthesis of 1,3-Butadiynes 

Mixed FBW rearrangements in which one of the potential migrating groups is an 
alkyne and the other a vinyl, aryl, or heteroaryl group should offer a convenient 
route for the formation of butadiynes. The key to diyne formation is access to 
the dibromoolefmic precursors, and two routes have commonly been used 
(Scheme 7.5). Path A uses the addition of a lithium acetylide to an aldehyde 33 
to generate the alcohol 34 [30], followed by oxidation to ketone 35, typically with 
PCC, Mn0 2 , or BaMn0 4 . Both reactions generally proceed cleanly and often with¬ 
out the need for column chromatography. Alternatively, ketones 35 can be accessed 
directly by Friedel-Crafts acylation by use of an acid chloride 36, Path B [31]. Com¬ 
mercially available aryl or vinyl carboxylic acids are easily transformed into acid 
chlorides 36 by treatment with thionyl chloride, and can then be taken on into 
the reaction with trimethylsilyl acetylenes in the presence of A1C1 3 in CH 2 C1 2 . 
The ketones 35 are formed in good to excellent yields, and can typically be purified 
by passing the crude product through a plug of silica gel. 

The well known dibromoolefination reaction, introduced by Ramirez and made 
famous by Corey and Fuchs [32], then provides dibromide precursors 37. This 
reaction can usually be carried out at room temperature with less hindered 
ketones; elevated temperatures are, however, sometimes required for more steri- 
cally hindered substrates [32c, 33]. 
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Scheme 7.5 Formation of mixed dibromoolefins. 


Conversion of a dibromoolefm 37 into the desired diyne 38 has been accom¬ 
plished by treatment with BuLi at -78 °C in rigorously dried hexanes (Table 7.1) 
[34], diyne formation typically being complete by the time the reaction mixture 
has warmed to ca. -40 °C. After quenching of the reaction at low temperature, 
the product can often be isolated pure simply by passing the crude reaction mix¬ 
ture through a short plug of silica gel. This method affords a range of functiona¬ 
lized diynes, formed in good to excellent yields. A sampling of the products can be 
found in Table 7.1, and illustrates that electron-rich and electron-poor aryl groups, 
heteroaryl, vinyl, and azobenzene groups are all tolerated by the reaction 
conditions. Several different alkynes have also been appended, with both silyl 
(entries a-k) and alkyl (entries 1-n) substitution. 

The greatest determinant of success of the FBW rearrangement in these reac¬ 
tions is the presence of water. Experimental evidence suggests that lithium/halo- 
gen exchange is faster than in situ quenching of the BuLi by adventitious water. 
As a result, any water present in the reaction medium results in protonation of 
the carbenoid intermediate, which severely complicates purification, due to very 
similar retention times on chromatographic supports. 
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Table 7.1 Summary of synthetic yields for diynes 38. 



37a-n 


/7-BuLi 

hexanes 

-78 °C to -40 ”C 


R 1 ^— 


38a n 


R 2 


Cmpd. R 1 



R 2 

38[%] 

Route" 

[Ref.] 

Me 3 Si 

88 

Path B 

[34] 

Me 3 Si 

43 

Path A 

[34] 

Me 3 Si 

75 

Path A 

[34] 

Me 3 Si 

82 

Path A 

[34] 

Me 3 Si 

93 

Path A 

[34] 

Me 3 Si 

91 

Path A 

[34] 

Me 3 Si 

61 

Path B 

[34] 

Me 3 Si 

46 

Path A 

[34] 

Me 3 Si 

95 

Path A 

[34] 

Me 3 Si 

55 

Path B 

[34] 

Me 3 Si 

70 

Path B 

[35] 

Me 

59 

Path B 

[34] 

n- Bu 

92 

Path A 

[34] 

n- Bu 

86 

Path A 

[34] 


'Dibromoolefm formation as in Scheme 7.5. 
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7.3.3 

Synthesis of 1,3,5-Hexatriynes 

For the “mixed” FBW systems described in the previous section, the question that 
quickly arises relates to the identity of the migrating group, that is to say: is the 
alkynyl group a willing participant in the rearrangement, or is it consistently the 
aryl or vinyl moiety that undergoes 1,2-migration in the carbenoid intermediate? 
While preliminary evidence using 13 C labeling in several of the above examples 
shows that 1,2-migration of an alkynyl group is quite common [36], the facile 
rearrangements of enediynes described in the next section clearly show the high 
migratory potential of the alkynyl group. 

7.3.3.1 Triynes from Enediynes 

1,1-Dibromoolefins also serve as precursors for the FBW rearrangement to triynes, 
and three general routes based on adaptation of known procedures are readily 
available (Scheme 7.6). Path A uses condensation between a lithium acetylide 
and an a,(3-ethynyl aldehyde to afford the unsymmetrical alcohol 39 (R 1 ¥= R 2 ) 
[37]. Path B forms symmetrical alcohols 39 (R 1 = R 2 = R) through the addition 
of 2 equiv. of a lithium acetylide to ethyl formate [38]. In both cases, the alcohols 
can generally be isolated pure after workup, and oxidation to ketone 40 is easily 
effected by use of PCC. Alternatively, Friedel-Crafts acylation is a convenient 
method for direct formation of ketones 40 from acetylenic carboxylic acid chlorides 
and trimethylsilyl-protected acetylenes (Path C) [31]. The dibromoolefms 41 are 
then formed by Corey and Fuchs’s method [32, 37a], and yields for this step are 
generally quite good. 

Path A Path B 

1. BuLi HO H 1. BuLi 


H 



PCC 

CH 2 CI 2 


H 


R 


Path C 


Cl 



Scheme 7.6 Methods of forming dibromoolefms 41. 
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Initial attempts to transform a 2,2-dialkynyl-l,l-dibromoolefm into a triyne in¬ 
volved treating 41a with BuLi in THF or Et 2 0 at -78 °C, common FBW rearrange¬ 
ment conditions (Scheme 7.7) [39]. Lithium/halogen exchange between BuLi and 
dibromoolefm 41a resulted in the formation of carbenoid 42, but these reaction 
conditions did not afford appreciable amounts of the triyne 43a. Mass spectral anal¬ 
ysis of the product mixtures did suggest the formation of trace amounts of the de¬ 
sired product, but the major isolated product was the monobromoolefmic species 
44, resulting from protonation of the lithiated intermediate 42 upon workup. 



c 


hexanes, 
benzene, 
or cyclohexene 


/-Pr 3 Si—=—=—=—Si/-Pr 3 
Scheme 7.7 Rearrangement of enediyne 41a. 43a 65—80% 

It has been established that the reactivity of a carbenoid species can be very sen¬ 
sitive to reaction conditions, and coordinating solvents such as Et 2 0 and THF can 
stabilize a carbenoid intermediate [13e, 40]. Assuming that the solvating ability of 
Et 2 0 and THF was a stabilizing factor that prevented or retarded collapse of the 
vinyl lithium intermediate 42, the use of less polar and noncoordinating solvents 
was explored. Thus, addition of BuLi at low temperature to a solution of 41a in 
a range of solvents such as hexanes, benzene, and cyclohexene gratifyingly resulted 
in the formation of a single product: triyne 43a [41]. 

From these initial studies, standard conditions allowing formation of a wide vari¬ 
ety of triynes have been established: 1.2 equiv. of BuLi is added at -78 °C to the 
dibromoolefm in hexanes, and the solution is allowed to warm to ca. -10 °C and 
then quenched. If strictly anhydrous conditions are maintained, the desired triyne 
product is typically the sole product as observed by TLC analysis. Table 7.2 provides 
a summary of yields for a selection of triynes, the dibromoolefms 41 having been 
prepared by the synthetic routes outlined in Scheme 7.6. 

A variety of substitution patterns are quite easily constructed by this basic reac¬ 
tion sequence. Symmetrically substituted dibromoolefms with heteroaryl (41m), 
alkyl (41g, 41h), and silyl (41a, 41b) groups cleanly afford the corresponding triynes 
43 in good yields. On the other hand, the trialkylsilyl protecting groups of unsym- 
metrical polyynes (43c-f, 43i—1) allow for additional elaboration through protiode- 
silylation to give a terminal alkyne. The formation of the larger carbon-rich skele¬ 
tons such as 43j and 43k in a few steps is also noteworthy. 








270 7 Polyynes via Alkylidene Carbenes and Carbenoids 


Table 7.2 Summary of synthetic yields for polyynes 43. 


Br Br 

R 1 ^R 2 

41 

n-BuLi 

hexanes 




-78 °C to -10 °C 

43 


Cmpd. 

r' 

R 2 

43 [%] 

Route° 

[Ref.] 

a 

i-Pr 3 Si 

i- Pr 3 Si 

61 

Path A 

[41] 

b 

Me 3 Si 

Me 3 Si 

50 

Path B 

[41] 

c 

Me 3 Si 

i- Pr 3 Si 

61 

Path A 

[41] 

d 

Me 3 Si 


70 

Path A 

[41] 



fy 




e 

i-Pr 3 Si 


62 

Path A 

[41] 



fy 




f 

i-Pr 3 Si 


41 

Path A 

[42] 


// % 


g 

n-Bu 

n-Bu 


80 

Path B 

[41] 

h 

n-octyl 

n-octyl 


66 

Path B 

[41] 

i 

Q+ 

Me 3 Si 


84 

Path C 

[41] 

j 

O 

Me 3 Si - 

H- 

64 

Path C 

[41] 

k 

Me 3 Si 

/-Pr 3 Si — 


61 

Path A 

[41] 

1 

Me 3 Si 

n-Bu 


82 

Path A 

[41] 

m 




64 

Path B 

[41] 


“Dibromoolefin formation as in Scheme 7.6. 


7.3.3.2 Triynes from Acid Chlorides 

A complementary route to unsymmetrical triynes utilizes aryl or alkenyl acid chlor¬ 
ides in Friedel-Crafts acylation reactions (Scheme 7.8 and Table 7.3) [31]. This can 
be a particularly attractive route to triynes because of the diverse range of carboxylic 
acids available either commercially or by facile synthetic procedures. Thus, treat¬ 
ment of acid chlorides 36 with bis(trimethylsilyl)butadiyne in the presence of 
A1C1 3 gave diynones 45. In cases in which the pendant functionality was an aryl 
group (45a-c), the resulting ketones were surprisingly unstable and were converted 
directly into dibromoolefins (46a-c). Ketones with alkenyl substitution (45d-g) 
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Me 3 Si—=—=—SiMe 3 

AICI 3 , ch 2 ci 2 


36 


BuLi 
hexanes 
-78 °C to -40 °C 



47 


Scheme 7.8 Triyne formation from acid chlorides. 



45 X = 0 - 

46 X = CBr 2 


CBr 4 , PPh 3 
CH z CI 2 


■=—SiMe 3 


showed greater stability and could be isolated pure and fully characterized prior to 
elaboration to 46d-g. Rearrangement of 46a-g in hexanes gave conjugated triynes 
47a-g under standard conditions [34-35]. 

Table 7.3 

Summary of yields for compounds 47. 



Cmpd. 

R 

47 [%] Ref. 

a 


98 

[34] 

b 


41 

[34] 

c 

o^ro* 

46 

[34] 

d 


82 

[35] 

e 


74 

[34] 

f 


82 

[34] 
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7.3.3.3 Carbene or Carbenoid? 

Mechanistically, a question naturally arises from FBW rearrangements as an alkyne 
formation method: does 1,2-migration occur through the intermediacy of a free 
alkylidene carbene or a carbenoid species? A number of preliminary experiments 
that involve alkyne migration have been conducted in order to determine the na¬ 
ture of the intermediate under the standard conditions employed for this reaction 
(-78 °C, hexanes). A free alkylidene carbene is a highly reactive species, and evi¬ 
dence of its existence as an intermediate is generally obtained through the isolation 
of products common to this species but less likely to be formed from a carbenoid 
intermediate [13b]. For example, cyclopropylidene formation through the addition 
of an alkylidene carbene to an olefm is well known, and the rearrangement of 41a 
was thus conducted in cyclohexene as solvent (Equation 7.7). This procedure gave 
only triyne 43a, with no addition product 48 indicated by 1 H NMR or mass spectral 
analysis [41]. 


41a 


BuLi 


-78 "C 



+ /-Pr 3 Si—=—=—=—Si/-Pr 3 

Si/'-Pr 3 

43a 65% 

(not observed) Equation 7-7 


Unsaturated carbenes are known to undergo intermolecular insertion into Si-H 
bonds [13b]. When the rearrangement of 41a was conducted in the presence of 
excess triethylsilane, however, no evidence of the insertion product 49 was observed 
and, again, only the triyne 43a was isolated from the reaction (Equation 7.8) 
[43]. 


=—=—=—Si/-Pr 3 

43a 70% 

Equation 7-8 



+ /'-Pr 3 Si- 

Si/'-Pr 3 


Intramolecular 1,5-C—H bond insertion is a typical reaction pathway for car¬ 
benes, but is much less likely to occur in a carbenoid intermediate. Appropriate 
substrates to test this possibility, dibromides 50, were easily assembled from the 
appropriate carboxylic acids, and were subjected to the standard FBW rearrange¬ 
ment conditions (Equation 7.9). 1 H NMR spectroscopic analysis gave no evidence 
for the formation of cyclopentenyl derivatives 51, and diynes 52 were isolated in 
good yields as the only products [43]. 
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BuLi 

hexanes 

-78 "C 


50a R = H 
50b R = Et 


R 



51a R = H 52a 83% R = H 

51b R = Et 52b 71% R = Et 

(not observed) 

Equation 7-9 


While by no means exhaustive, the results outlined in Equations 7.7-7.9 suggest 
that the intermediates formed from lithium/halogen exchange at the dibromoole- 
fin moiety in these FBW reactions demonstrate chemical behavior more consistent 
with a carbenoid species than a free alkylidene carbene. These results are also in 
agreement with previous mechanistic studies on similar FBW rearrangements [13]. 


7.3.4 

Tri- and Pentaynes from Free Alkylidene Carbenes 

Tobe and co-workers have recently designed an elegant new method to form poly- 
ynes that exploits the 1,2-migration of an alkynyl moiety in a free alkylidene car¬ 
bene intermediate (Scheme 7.9) [4, 44]. The requisite precursors, bicyclo[4.3.1]dec- 
atrienes 53, are readily synthesized in several steps from dihydroindane. Spectro¬ 
scopic characterization is consistent with the open form of 53 rather than its 
valence isomer 54. Photolysis of 53 in hexanes at 0°C results in the [2+1] chele- 
tropic extrusion of indane from 54 to give the free alkylidene carbene 55. Migration 
of one of the ethynyl moieties then gives the desired triynes (42b and 56a). This 
process has also been successful for the formation of the longer polyyne, pentayne 
56b, in 59 % yield, through migration of a butadiynyl group. 



R—=—=—=—R 

42b R = SiMe 3 43% 

56a R = Ph 37% 


Scheme 7.9 Tobe’s alkylidene carbene rearrangement. 56b R = - —Si/’-Pr 3 59% 
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7.4 

Toward applications 

Alkynes, conjugated oligo- and polyynes in particular, are a common substructure 
in molecules of interest for applications spanning from medicine to materials. The 
use of the FBW rearrangement for construction of conjugated polyyne segments 
has allowed the production of a number of useful new molecules for these applica¬ 
tions, and several examples are illustrative of this process. 

7.4.1 

Natural Products Synthesis 

Naturally occurring polyynes make up a diverse group of biologically active com¬ 
pounds. Polyacetylenes have been isolated from fungi, bacteria, and plants, as 
well as marine sponges, and many possess a range of medicinal properties includ¬ 
ing antibacterial, anticancer, and pesticidal characteristics, to name just a few [45]. 
The Cadiot-Chodkiewicz reaction [7] has traditionally been the most likely method 
of choice for assembling the di-, tri-, or tetrayne cores of naturally occurring poly¬ 
ynes [46]. The modified FBW rearrangement, however, presents a convenient and 
complementary method for this task. 

First isolated from species of Chrysanthemum by Bohlmann [47-48], the ene- 
triyne 57 (Scheme 7.10) was subsequently found to be highly phototoxic towards 
mosquito larvae [49]. Bohlmann’s initial synthesis of 57 relied on the derivatization 
of a highly reactive triynal precursor [48]. A reported alternative synthesis of com¬ 
pound 57 involves only three steps from acid chloride 58, which is generated quan¬ 
titatively from the commercially available carboxylic acid [35]. A typical sequence of 
Friedel-Crafts acylation (59) and dibromoolefmation provides the necessary precur¬ 
sor 60, and the final FBW rearrangement with 60 proceeds nicely to give enetriyne 
57 in 84% yield. Overall, this represents a 21% yield of 57 from 58. 



Scheme 7.10 Synthesis of enetriyne natural product 57. 
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Diene-diyne 61, atractylodin, has been isolated from the rhizomes of plants of 
the genus Atractylodes, plants that have been used in homeopathic medicine to 
treat a range of symptoms including fatigue, fever, and lack of appetite [50]. The 
initial synthesis of atractylodin reported by Yosioka et al. was used to determine 
the (E,E) stereochemistry about the olefins. These authors utilized an oxidative 
homocoupling method, which ultimately afforded three products requiring a diffi¬ 
cult separation procedure [51]. Atractylodin has now been readily synthesized in a 
few steps by utilizing a FBW rearrangement to form the diene-diyne skeleton, as 
outlined in Scheme 7.11. The initial step was a one-pot reaction consisting of 
the elimination of dibromoolefm 62 to provide acetylide 63 [52] and condensation 
with aldehyde 64 to give alcohol 65 in 54 % yield. With 65 to hand, a standard se¬ 
quence of oxidation (66), dibromoolefination (67), and FBW rearrangement ulti¬ 
mately provided diyne 61 in 72% yield, a 13% yield overall from commercially 
available 64 [35]. 



BuLi, THF 
-78 °C to rt 



O 


V 

64 


= Li 


63 


-78 "C to rt 



65 54% 


MnC>2 

CH 2 CI 2 



BuLi 

hexanes 


-78 to -40 °C 



61 72% 


l-Phenylhepta-l,3,5-triyne 68 (PHT) has been isolated from a range of plant spe¬ 
cies and has been extensively studied for biological activity. For example, 68 is a 
major component in the leaves and flowers of Bidens pilosa L., which have been 
used in Mexican traditional medicine as treatment for stomach disorders, hemor¬ 
rhoids, and diabetes [53]. The triyne core of PHT (68) was first constructed by 
Cadiot-Chodkiewicz coupling [54]. As outlined in Scheme 7.12, 68 has also 
recently been assembled through a FBW rearrangement [35]. A concise reaction 
sequence consisting of Friedel-Crafts acylation of phenylpropioloyl chloride 69 
with trimethylsilylpropyne to provide ketone 70 (56%) [55], dibromoolefination 
to 71 (67%), and rearrangement with BuLi ultimately gave the triyne 68 in 18% 
overall yield from readily available 69. 

The triyne (-)-ichthyothereol (72) and its acetate 73 (Scheme 7.13) have been iso¬ 
lated from the plants Dahlia coccinea and Ichthyother terminals [56], the latter com¬ 
pound known to natives of the lower Amazon Basin as a fish poison [57]. While the 
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O X 




AICI 3 



rt 

69 

ch 2 ci 2 


xh 3 

Me 3 Si 

CO 

X 

o 

+ 

56% 

KJ 

70 X = O - 

CBr 4 , PPh 3 
CH 2 CI 2 , 67% 




71 X = CBr 2 J 


BuLi 

hexanes 

-78 "C 
48% 


Scheme 7.12 Synthesis of phenylheptatriyne (PHT) 68. 



68 


■^=—CH 3 


absolute configurations of 72 and 73 were confirmed by Jones and co-workers in 
1970 [58], it was not until 2001 that the total stereoselective synthesis of (-)- 
ichthyothereol and its acetate was achieved by Mukai et al. [59]. This efficient syn¬ 
thesis relies on the FBW rearrangement of 74 to assemble the triyne core 75. After 
conversion of the alkynylsilane 75 into stannane 76, a Stille coupling reaction be¬ 
tween 76 and vinyl iodide 77 completes the conjugated framework 78. Finally, re¬ 
moval of the TBDMS protecting group quantitatively yields 72, and acetylation 
gives 73. 



BuLi 

hexane 

-78 °C 
76% 


CH 3 ^—=— 


75 X = SiMe 3 (Bu 3 Sn) 2 0 

) TBAF, THF 

76 X = SnBu 3 J 60 °C 


[PdCI 2 (PPh 3 ) 2 ] 
rt, 95% 


TBDMSO 



TBDMSO 



78 


RO 


TBAF, THF 
rt, 100% 


_ // 


CH 3 = = = 

72 R = H 


73 R = Ac 


Ac 2 0, DMAP 
CH 2 CI 2 , rt, 88% 


Scheme 7.13 Mukai's synthesis of (-)-ichthyothereol 72 and its acetate 73. 


7.4.2 

Extended Arylenethynylene Derivatives 

Exploitation of the FBW rearrangement for the formation of extended carbon-rich 
networks was a primary motivation behind the development of this methodology, 
and the rearrangement of two or more dibromoolefm moieties within the same 
molecule was viewed as a potentially useful strategy for the formation of aryl-poly- 
yne building blocks. The general sequence of reactions used for the synthesis of 
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functionalized diynes and triynes outlined above could, in theory, be efficiently ap¬ 
plied to larger systems, with multiple reactions being carried out at each step. 

For example, commercially available terephthalaldehyde (79) was carried through 
the three-step sequence consisting of condensation with a lithium acetylide to give 
80, oxidation to 81, and dibromoolefination to give an excellent yield of tetrabro- 
mide 82 (Scheme 7.14). A dual FBW rearrangement with 82 then gave tetrayne 
83 in 87 % yield, representing an impressive 95 % yield for each rearrangement 
event [34]. This reaction could be scaled up to provide 5 g of 83 without any com¬ 
promise in yield. 




81 X = 0 75% 

82 X = CBr 2 76% 


CBr 4 , PPh 3 
CH 2 CI 2 , rt 


Scheme 7.14 Synthesis of aryltetrayne 83. 


Functionalized aryltetraynes have similarly been synthesized in a few steps 
(Scheme 7.15), starting with the appropriate p-diethynylbenzene precursors (not 
shown) [34]. The transformation of thienyl-capped tetrabromide 84 proceeded in 
comparatively low yield, due to the limited solubilities both of the precursor 84 
and of the tetrayne product 85. The enhanced solubility originating from the octyl - 
oxy and tert -butyl groups appended to tetrabromide 86, on the other hand, greatly 
facilitated the rearrangement to 87, which was obtained in almost quantitative 
yield. Frustratingly, while the dibromoolefination to 84 could be accomplished in 
reasonable yield in spite of the limited solubility (35%), formation of 86 was 
less efficient (—20% yield) [60]. 



BuLi 

hexanes 

-78 °C 
to -40 "C 



—Ar 


84 Ar = 2-thienyl, R = H 

86 Ar = p-(f-butyl)phenyl, R = OC 8 H 17 


85 Ar = 2-thienyl, R = H 24% 

87 Ar = p-(f-butyl)phenyl, R = OC 8 H 17 98% 


Scheme 7.15 Synthesis of functionalized aryltetraynes 85 and 87. 
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BuLi 
hexanes 
-44 °C 


Me 3 Si 



91 49% 


'SiMe 3 


Scheme 7.16 Synthesis of arylhexaynes 90 and 91. 


Aryl hexaynes such as the 1,4- and l,3-bis(l,3,5-hexatriynyl)benzene derivatives 
shown in Scheme 7.16 have been formed in a manner similar to that used for the 
aryltetraynes (83, 85, 87), with the tetrabromides 88 and 89 derived from either 1,4- 
or 1,3-diethynyl benzene, respectively. As 88 and 89 proved to be quite insoluble in 
hexanes at -78 °C, the reaction mixture was in each case warmed to about -44 °C, 
at which point the solution became homogeneous. BuLi was then added, the reac¬ 
tion mixtures were allowed to warm to-5 °C, and hexaynes 90 [41] and 91 [61] 

were isolated in 50 % and 49 % yields, respectively. 

Hexayne 90 is a nicely crystalline and stable solid when precipitated from hex¬ 
anes. Surprisingly, however, crystals of 90 grown from a concentrated hexanes/ 
CH 2 C1 2 solution through diffusion of MeOH at 4 °C turned brown in a matter of 
hours at ambient temperature. A structural analysis, with respect to topochemical 
polymerization, of the solid-state packing parameters [62] of crystals of 90 grown 
under the latter conditions has provided insight into this solid-state instability of 
this highly unsaturated molecule [41]. 

Along the crystallographic b axis, a pseudo-stacking situation is observed for 
neighboring polyynes (Figure 7.1). Polymerization of the triyne moieties in a 
1,6-manner to give a polytriacetylene product is not possible, as _R 1i6 > 4 A 
(Figure 7.2) [63-64]. The individual molecules, however, are aligned in a manner 
suitable for a 1,4-addition process, with close contacts for R 14 = 4.0 A and R i6 = 
3.9 A, both within the desired range of < 4 A. Furthermore, the stacking angle 
(6 = 45) and the stacking distance (d = 5.5 A) are also nearly optimal for a 1,4-ad¬ 
dition. It is therefore likely that this solid-state alignment of the triyne arms for 90 
results in polydiacetylene formation at ambient temperatures, albeit in a non-regio- 
selective manner because of competing/concurrent 1,4- and 3,6-polymerization 
processes. 
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Figure 7.1 Illustration of crystal packing for compound 90 as viewed along the crystallographic 
b axis. 



d 



frans-polydiacetylene 


Figure 7.2 Schematic illustration of parameters for 1,6- and 1,4-polymerization oftriynes to give 
polytriacetylene and polydiacetylene, respectively. 


From the essentially one-dimensional systems described so far, two-dimensional 
carbon-rich molecules are also accessible. Hexabromide 92 (Scheme 7.17), for ex¬ 
ample, can be assembled in three steps from 1,3,5-triethynyl benzene and is sur¬ 
prisingly soluble (unlike 88 and 90) in hexanes at low temperatures [41]. Treatment 
with BuLi at -78 °C thus effected three simultaneous/consecutive rearrangements 
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to produce nonayne 93, which could be isolated pure simply by passing the crude 
reaction mixture through a short column of silica gel. While the overall isolated 
yield for 93 was only 35%, this still amounts to about a 70% yield per rearrange¬ 
ment event. 


Me 3 Si 



SiMe 3 


Diol 94 (a by-product in the synthetic sequence leading to 92, Scheme 7.17) pres¬ 
ented an opportunity to explore the efficiency of the FBW reaction method in the 
presence of a terminal alkyne moiety (Scheme 7.18) [41]. Oxidation of 94 to 95 and 
conversion into dibromoolefm 96 proceeded in reasonable yields. The acidity of the 
terminal acetylene presented a potential problem in the final step, but use of excess 
BuLi to effect the a-elimination cleanly gave heptayne 97. Unstable as a neat solid, 
compound 97 was expeditiously carried on without isolation into an oxidative cou¬ 
pling reaction and purification, and the extended arylalkynyl system 98 was formed 
in 22 % yield over the final two steps. While it is a large (2 X 2.4 nm Si to Si) and 
highly unsaturated molecule, tetradecayne 98 is a surprisingly stable solid and 
could be fully characterized spectroscopically. The 13 C NMR spectrum is particu¬ 
larly interesting, as all eight unique sp-hybridized carbons are well resolved. 

Single crystals of 98 suitable for X-ray crystallographic analysis were obtained, 
and an ORTEP drawing is shown in Figure 7.3a [41]. The two aryl groups are 
nearly coplanar, and the four hexatriynyl arms bend gently above and below this 
plane. The packing diagram reveals that neighboring molecules are paired face- 
to-face (Figure 7.3b). Each pair of neighboring molecules is nearly coplanar and re¬ 
lated by a center of inversion. The aryl groups of neighboring molecules are sepa¬ 
rated by a distance of 3.4 A, and offset in a manner expected for face-to-face 71- 
stacking. This alternating packing motif has the effect of causing neighboring hex¬ 
atriynyl arms to be offset in space, accommodating the trimethylsilyl groups. Crys¬ 
talline 98 is surprisingly stable under ambient conditions, which can be explained 
by two factors. Firstly, the large offset distance between neighboring triyne groups 
negates any possibility for solid-state reaction between these moieties. Secondly, 
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the closest intermolecular interactions are between the central butadiynyl 
segments of neighboring molecules. The distance between carbon atoms 
(R t 4 = 4.2 A) and the stacking angle (0 = 70°) are, however, just outside the values 
necessary (Rj 4 < 4 A and 0 = 90°) for 1,4-topochemical polymerization to afford 
a cis-polydiacetylene structure. 
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7.4.3 

Cyclo[n]carbons 

For nearly two decades, the synthesis of monocyclic all-carbon molecules - the 
cyclo[n]carbons - has captured the imagination of numerous research groups, 
most notably in the work of Diederich [3] and Tobe [4]. In addition to the esthetic 
beauty of these molecules, the cyclo[n]carbons also serve a more practical purpose 
in that they are potential precursors to fullerenes and two-dimensional carbon net¬ 
works [2, 4]. A number of different routes toward the cyclo[»]carbons have been 
explored, leading both to success and to frustration. One of the most challenging 
aspects in the synthesis of these molecules is the introduction of the final acetylene 
units from suitably functionalized, macrocyclic precursors. In this regard, decar- 
bonylation [65], retro-[4+2] [66] and retro-[2+2] cycloaddition [67], and the decompo¬ 
sition of aminotriazoles [68] have all shown promise. 



100b n = 1 33% 
100c n = 2 15% 
lOOd n = 3 7% 


101b n = 2 
101c n = 3 
101d n = 4 


Scheme 7.19 Tobe’s vinylidene rearrangement to cyclo[n]carbons TOIa-d. 


It has recently been shown that the allcylidene-to-acetylene rearrangement, as 
outlined in Section 7.3.4, is an excellent way to access an acetylene unit [44]. 
This method relies on the cheletropic extrusion of indane to form the allcylidene 
carbene, which then rearranges to introduce the final alkyne segments. Tobe has 
very recently shown that this is a expedient route for the synthesis of the cyclo[n] 
carbons (Scheme 7.19) [4[. Copper-mediated homocoupling ofenediyne 99 gave the 
necessary precursors, the expanded radialenes lOOa-d, as a separable mixture in a 
combined yield of 58%. The individual radialenes were then subjected to laser de¬ 
sorption time of flight (LD-TOF) mass spectral analysis, conditions that effected 
the gas-phase extrusion of the indane fragments. Subsequent rearrangement of 
the intermediate alkylidene carbenes gave the cyclo[n]carbons C 18 , C 2 4 , C 30 , and 
C 36 (lOla-d). In the negative mode, the LD-TOF spectra clearly showed signals 
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of the corresponding cyclo[n]carbon anions, as well as signals consistent with the 
stepwise loss of indane fragments. Notably, this route was the first successful 
formation of C 36 (lOld) from an organic precursor. 


7.5 

Linear Conjugated Polyynes 

The formation of carbyne, the hypothetical linear form of carbon consisting en¬ 
tirely of sp-hybridized carbon (Figure 7.4), has been an intriguing goal for many 
years [5, 69]. To date, however, carbyne has presented a significant synthetic chal¬ 
lenge, and the allure of this elusive allotrope continues to stimulate interest in end- 
capped sp-hybridized carbon chains. Polyynes are the oligomeric cousins of car¬ 
byne, and it would be expected that the properties of carbyne might be extrapolated 
from trends observed in the spectroscopic data of polyynes. sp-Hybridized carbon 
oligomers are also interesting in their own right thanks to their unique electronic, 
optical, and physical properties [70]. 



carbyne 


Me ( = ) Me 

v 'n 


f-Bu (— ) n ~6Bu 


102 n = 2-6 


103 n = 2-8,10,12 


Ph -f=i Ph 

104 n = 2-6,8,10 


Et 3 Si—(-=—) n SiEt 3 

Figure 7.4 Carbyne and several 
105 n = 2-10,12,16 known series of polyynes. 


A firm foundation for the synthesis and study of polyynes was laid in the 1950s, 
60s, and 70s (Figure 7.4), with the production of several impressive series of mo¬ 
lecules terminated with methyl ( 102 ) [71], t-Bu ( 103 ) [72], phenyl ( 104 ) [72c, 73], and 
triethylsilyl ( 105 ) [72c, 74] groups [75]. In comparison with these “classic” works, 
more recent syntheses of polyynes have focused on three main goals: (1) experi¬ 
mentation with end-groups to improve stability and to manipulate the polyynes’ 
properties, (2) development of improved synthetic methodology, and (3) use of 
modern methods of analysis to explore the properties of polyyne chains more fully. 

While several research groups have worked with metal end-capping groups on 
polyynes [76-77], the longest polyynes in this class known to date are those synthe¬ 
sized by Gladysz and co-workers (Figure 7.5). Rhenium end-capped polyynes ( 106 ), 
for example, are highly crystalline and quite stable, allowing for extensive charac¬ 
terization of their structural, electronic, and optical properties [6a]. Platinum-ter¬ 
minated polyynes such as 107 are also stable, and a comprehensive analysis of 
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Figure 7.5 

Polyynes series 
recently reported 
by Cladysz 

(106-107) and 
Hirsch (108-109). 


their physical characteristics (up to n = 8) has been reported, including the solid- 
state structures of several extended derivatives (vide infra) [78-79]. 

While not nearly as stable as their metal end-capped relatives 106 - 107 , dicyano- 
polyynes 108 (Figure 7.5) have also recently been synthesized and studied [80]. Sub¬ 
stantially more resilient are the polyyne chains 109 reported by Hirsch’s group, in 
which bulky dendrimeric end-groups endow the conjugated alkynyl structures with 
stability and solubility up to the decayne C 20 [6b]. 

In spite of many efforts over the past half-century, there remain surprisingly few 
ways to assemble extended, conjugated polyynes, despite the obvious interest of 
their formation and study. In the majority of cases, oxidative coupling reactions 
have been used, but these methods have unfortunately been plagued by low yields, 
unstable intermediates, and for the longer carbon chains, the formation of polyynic 
by-products that complicate purification [6b[. One of the greatest problems asso¬ 
ciated with the study of polyyne molecules has been the inability to isolate reason¬ 
able quantities of the longest compounds, especially derivatives of C 16 , C 20 , and be¬ 
yond. Current interest in polyynes thus continues to be motivated both by the syn¬ 
thetic challenge and the desire to explore their fundamental properties. 

7.5.1 

Synthesis of Triisopropylsilyl End-Capped Polyynes 

The series of triisopropylsilyl (TIPS) end-capped polyynes shown in Figure 7.6 was 
targeted by Tykwinski and co-workers to probe the physical characteristics of poly¬ 
ynes as a function of length. The bulky TIPS groups provide both solubility and 
stability in the polyyne products, as well as in the necessary precursors. Dimer 
and tetramer 110 and 111, respectively, were synthesized by an oxidative homo- 
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i- P r 3 S i—=—=— Si/-Pr 3 
/-Pr 3 Si—=—=—=—Si/-Pr 3 
/- P r 3 S i—=—=—=—=— Si/-Pr 3 
/- P r 3 S i—=—=—=—=—=— Si/'-Pr 3 
/-Pr 3 Si——Si/-Pr 3 
/'- P r 3 S i—=—=—=—=—=—=——=— Si/'-Pr 3 
/- P r 3 S i—=—=—=—=—=—=—=—=—=—=— Si/-Pr 3 

Figure 7.6 Tykwinski and Eisler’s triisopropylsilyl-end-capped polyynes. 


110 

43a 

111 

56b 

112 

113 

114 


coupling procedure as described [81-82], while the synthesis of tryine 43a by a 
FBW rearrangement is discussed in Section 7.3.3.1. 

The synthesis of pentayne 56b (Equation 7.10) has previously been reported by 
Tobe (Section 7.3.4) and also by Diederich [12c]. In the latter approach, the central 
acetylene unit is introduced in the final synthetic step by flash vacuum pyrolysis 
(FVP) of the diyne precursor 115. 



■=—=—=—=— Si/'-Pr 3 

56b 42% 


Equation 7-10 


To avoid the necessity to assemble a FVP apparatus, the FBW approach was used 
as an alternative for the synthesis of pentayne 56b. In an approach consisting of 
three steps from the readily available enediyne 41c [37a] (Scheme 7.20), the key 
step involved lithiation of 116 with BuLi, followed by a condensation reaction 
with the TIPS propargyl aldehyde to give alcohol 117. Oxidation (118) and dibro- 
moolefmation (119) proceeded uneventfully, and a two-fold FBW rearrangement 
by the standard procedure gave pentayne 56b [70]. 

The synthesis of hexayne 112 was straightforward, thanks to the symmetry about 
the central single bond, a bond easily introduced by an oxidative homocoupling 
procedure (Scheme 7.21). Thus, deprotected enediyne 116 was subjected to the 
Hay procedure to provide tetrabromide 120 as the only isolable product in 55 % 
yield. It is likely that the modest yield of this step is the result of a competitive 
cross-coupling reaction between the terminal acetylene and the vinyl bromide moi¬ 
ety in the presence of Cu(i/ii) (Castro-Stephens coupling) giving rise to polymeric 
material [83]. The subsequent rearrangement of 120 provided the hexayne 112 as a 
pale yellow solid in 70% yield [41]. 
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118 

119 


X = 0 69% 

X = CBr 2 60% 


CBr 4 , PPh 3 
CH 2 CI 2 , rt 


BuLi 

hexanes 

-78 "C 


/-Pr 3 Si—=—=—=— 


56b 45% 


Scheme 7.20 Synthesis of pentayne 56b. 


116 


Cul, TMEDA 

CH 2 CI 2 


Br 



/-Pr 3 Si 


Br 



120 55% si/ ‘ Pr 3 


-78 "C 


BuLi 

hexanes 


/-Pr 3 Si- 


112 70% 


Si/-Pr 3 


Scheme 7.21 

Synthesis of hexayne 

112 . 


Friedel-Crafts acylation has become a powerful method for the direct formation 
of conjugated ketones, and treatment of acid chloride 121 with bis(trimethylsilyl) 
butadiyne represented a key step towards the formation of octayne 113 (Scheme 
7.22). The unstable ketone 122 was formed in excellent yield and was directly car¬ 
ried on to the dibromoolefm 123. Protiodesilylation of 123 and Hay coupling gave 
tetrabromide 124, a surprisingly stable yellow solid. Under the general rearrange¬ 
ment conditions, octayne 113 was produced as a stable, light orange/yellow solid. 
While the yield of this two-fold reaction was lower than in the case of the penta- 
and the hexayne, an overall yield of 10% was obtained, still representing a 33% 
yield for each rearrangement event [70]. 

As described, polyynes of the series up to this point can be assembled fairly 
easily, and even the octayne 113 can be constructed in reasonable quantities in a 
few days. The longer the polyyne, however, the more elaborate the synthesis. 


PCC 

CH 2 CI 2 


Si/'-Pr 3 
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/-Pr 3 Si' 

Me 3 Si 


Cl 


AICI 3 

ch 2 ci 2 


121 
+ 

—=—SiMe 3 


0 °C to rt 



/-Pr 3 Si 


SiMe 3 


122 X = 0 80% 

123 X = CBr 2 42% 


CBr 4 , PPh 3 
CH 2 CI 2 , rt 


1. K 2 C0 3 
MeOH/THF 


2. CuCI, TMEDA 
CH 2 CI 2 


Br 



/-Pr 3 Si 


Br 



Si/-Pr 3 


BuLi 

hexanes 

-78 “C 


/-Pr 3 Si- 


Scheme 7.22 Synthesis of octayne 113. 


113 10% 


Si/-Pr 3 


This reality is reflected in the formation of the final compound in the series: 
decayne 114 (Scheme 7.23). The initial stages of this synthesis were analogous 
to those used in the formation of pentayne 56b (Scheme 7.20), culminating in 
the tetrabromide 125. To complete the 20-carbon framework for 114, tetrabromide 
125 was selectively deprotected and homocoupled under Hay conditions to give 
octabromide 126 in 25 % yield [70]. 


Br 



114 


Scheme 7.23 Attempted synthesis of decayne 114. 
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Although numerous attempts to accomplish the quadruple rearrangement of 

126 —> 114 have been made, all have been frustratingly ineffective, producing 
only intractable black solids. An alternative approach was therefore explored, as 
outlined in Scheme 7.24. The 10-carbon segment 12S was first rearranged to pro¬ 
vide the differentially protected pentayne 127, which, somewhat surprisingly, was 
found to be much less stable than the TIPS-protected analogue 56b. Pentayne 

127 was therefore carried on directly into the desilylation step, followed immedi¬ 
ately by oxidative homocoupling to afford the decayne 114. Unexpectedly, the non- 
ayne 128 was also formed as —10% of the product mixture when the homocou¬ 
pling reaction was performed at ambient temperature [84]. It was subsequently de¬ 
termined that the formation of the nonayne could be almost completely suppressed 
by lowering the temperature of the homocoupling reaction to -10 °C. The bright 
orange decayne 114 shows limited stability under certain conditions, such as dur¬ 
ing chromatography (silica gel and alumina) as well as under ambient light and 
temperatures for extended periods of time. It does, however, demonstrate a fair de¬ 
gree of kinetic stability when kept in the freezer and protected from light. Overall, 

51 mg of decayne 114 was isolated pure from this reaction, representing a yield of 
30 % over the last two steps. 



1. K 2 C0 3 '' Pr 3 Si — — — — — : 

MeOH/THF 114 


2. CuCI, TMEDA 

CH 2 CI 2 , -10”C /'-Pr 3 Si— 

Scheme 7.24 Synthesis of decayne 114. 


Si/- 


Si/-Pr 3 


7.5.2 

Solid-State Characterization 

Of the polyynes under study (Figure 7.6), all but the decayne 114 have been struc¬ 
turally characterized by X-ray crystallography [70], and even the hexayne 112 and 
the octayne 113 exhibit surprising stability as crystalline solids, easily affording 
crystals suitable for analysis. While the general solid-state structural characteristics 
of polyynes has been elegantly and comprehensively reviewed by Szafert and 
Gladysz only last year [85], a brief discussion of the solid-state characteristics of 
compounds 112 and 113 here is valuable, as they represent the only structurally 
characterized hexa- and octayne without metal-containing end-groups (Figure 7.7). 
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Figure 7.7 

ORTEP diagrams of: 

a) hexayne 112, 

b) octayne 113, 

c) hexayne 129 from 
Gladysz et al. [78], and 

d) octayne 130 from 
Gladysz et al. [78] 

(all shown at 20% 
probability level). 


Of the two structures, the octayne 113 has the more unusual shape (Figure 7.7b). 
Each individual acetylene unit bears only a slight deviation from linearity, with an 
average C=C—X (X = C or Si) bond angle of 176.9°. Overall, however, the cumu¬ 
lative effect of these deviations results in a rather dramatic curvature to give an un- 
symmetrical bow shape. The shape of 113 most closely resembles that of hexayne 
129 reported by Gladysz and co-workers [78], which shows a symmetric bow con¬ 
formation with a slightly lower average C=C—X bend of 174.6° (Figure 7.7c). 
Interestingly, octayne 130 (Figure 7.7d), the only other structurally characterized 
octayne, shows a much more linear conformation, much like that of TlPS-end- 
capped hexayne 112 (Figure 7.7a). 

Within this series of molecules, from the diyne 110 through to the decayne 114, 
a reduction in the degree of bond-length alternation would be predicted as one pro¬ 
ceeds to longer and longer derivatives [85]. Similarly to the study of series 107 
(including 129 and 130), however, no trend in the experimental bond lengths 
was discernible for the TIPS-end-capped derivatives including 112 and 113. 

The crystal packing diagram for 113 highlights the bending of the molecules as 
viewed down the a axis (Figure 7.8). In the solid state, the curved molecules clearly 
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Figure 7.8 Crystal packing diagram of 
octayne 113 viewed down the crystallo¬ 
graphic a axis. 


pack in an alternating fashion to accommodate the bulky TIPS groups, and there is 
also alignment of the gently curving structures down the a axis. As a result of this 
alignment of the polyyne cores, there are a number of close contacts in the 3.5-4 A 
range between neighboring molecules, potentially suitable for topochemical poly¬ 
merization [63-64]. Furthermore, the packing orientation is well within the 
range expected to afford 1,6-polymerization (see Figure 7.2) [64]. Nonetheless, 
octayne 113 remains free from polymerization at room temperature, presumably 
due to a significant kinetic barrier to this solid-state reaction. Differential scanning 
calorimetry (DSC) analysis of a crystalline sample, however, clearly shows a narrow 
exotherm initiated at ca. 130 °C, consistent with thermally induced polymerization 
[70]. 

7.5.3 

Linear Optical Properties 

UV/Vis spectra of the TIPS polyynes are presented in Figure 7.9a. In contrast with 
the situation in most other conjugated organic molecules, the high-energy regions 
of the UV spectra (220-270 nm) of the longest polyynes, octayne 113 and decayne 
114, are nearly transparent. This rare characteristic could allow for interesting op¬ 
tical applications of polyynes within this window of transparency. At lower ener¬ 
gies, vibrational fine structures are clearly visible, appearing as a series of narrow 
absorption peaks with steadily increasing intensity toward the visible region. There 
is a corresponding increase in the molar absorptivity (c) as the chain length in¬ 
creases, and the TIPS-end-capped system shows some of the highest molar absorp¬ 
tivity values measured for polyynes, with octayne 113 at e = 603,000 cm -1 m _1 and 
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^max (nm) 



Figure 7.9 

a) UV/Vis absorption spectra 
for polyynes in hexanes as a 
function of the number of 
C=C units (n). Molar ab¬ 
sorptivity (e) at A max is shown 
for the decayne 114, and 

b) power-law plot of E max 

versus n (E mflx = with 

corresponding A max values 
given in parentheses adja¬ 
cent to the respective data 
points. The solid line repre¬ 
sents the line-of-best-fit to 
the data. 


decayne 114 at e = 753,000 cm -1 m -1 (Table 7.4) [86]. A comparison of the e value at 
A max for 114 to that of other known decaynes highlights the dramatic dependence of 
the oscillator strength on the nature of the end-group: rhenium acetylide complex 
106 (n = 10) shows e = 190,000 cm -1 m -1 [6a], dendrimer-terminated decayne 109 
(n = 10) shows e = 605,000 cm -1 m -1 [6b], while the hydrocarbon-terminated 
decayne 103 (n = 10) shows e = 850,000 cm -1 m -1 [72b]. 

A red-shift in A tnax is clearly visible as the length of the carbon rods is increased, 
indicating a decrease in the HOMO—»LUMO energy gap (Figure 7.9a). At a partic¬ 
ular chain length, however, saturation of this effect would be expected, and A max 
would converge to a minimum and constant value. This particular chain length 
would then represent the effective conjugation length for this series of polyyne oli¬ 
gomers, and this minimum value of A max would also provide an estimate of the 
HOMO—»LUMO gap of carbyne. Considering electron correlation effects, the em¬ 
pirical power-law E max = 1 /A max ~ n~ x describes the relationship between E max , A max , 
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and n (where E max is the energy of the HOMO—>LUMO gap in cm -1 ) [87]. This re¬ 
lationship is depicted in Figure 7.9b, and shows a consistent power-law decrease in 
E ma x through at least C 20 - Analysis of this data affords, with high precision, the re¬ 
lationship of E max ~ n -°' 379±0002 while this relationship is different from that 
found by Gladysz and co-workers, who report a relationship of E max ~ rf 1 for rhe¬ 
nium end-capped polyynes 106 [6a], it is close to the well established Lewis-Calvin 
relationship for E max ~ n -0 5 observed for many polyenic materials [88]. Since the 
power-law decrease in E max depicted in Figure 7.9b includes all of the oligomers, 
saturation of the HOMO-LUMO gap has clearly not yet begun. 

It is well known that the relationship between chain length and A max for a homo¬ 
logous family of molecules can be used to estimate the A max of the infinite-length 
polymer of the series [6]. This is based on the assumption that A max values of the 
oligomers asymptotically approach the value of the polymer. By this method, it 
is interesting to extrapolate toward the electronic absorption properties of the infi¬ 
nite-length oligomer, which would be representative of carbyne. A plot of E tnax 
against 1/n for the TIPS-end-capped polyynes is shown in Figure 7.10. Extrapola¬ 
tion to the y-intercept predicts A sat = 570 nm, the expected value for i-Pr 3 Si- 
(C^CJos-Sit-Prj [70]. This, then, suggests the HOMO-LUMO gap for carbyne, 
and this estimate is quite similar to the values of 565 nm [6a] and 569 nm [6b] pre¬ 
dicted for the rhenium and dendrimer end-capped series 106 and 109, respectively. 
While the above study gives an estimate for A max of carbyne, it does not answer the 
question “how long is carbyne?" By the following analysis, however, the length (n) 
of carbyne can be predicted. 

The power-law relationship E max ~ n ~ 0 379 (from Figure 7.9 above) can be trans¬ 
formed into terms of polyyne length [70], yielding (Equation 7.11): 

n = (i ma */154 nm) 2 638 (7.11) 

where A max is in nm. Substitution of the estimated HOMO-LUMO limit of A max = 

570 nm predicted from Figure 7.10 into Equation 7.11 yields a value of n ~ 32. 



0.00 0.10 0.20 0.30 0.40 

1/n 


Figure 7.10 A plot of E max 
(in cm -1 ) versus 1/n for the 
TIPS-end-capped polyynes, 
extrapolated to provide l max 
for /-Pr 3 Si— (C=C)«,—Si/-Pr 3 . 
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Thus, if it is assumed that saturation occurs rapidly for this polyyne system, 64 car¬ 
bons represents the effective conjugated length for this series of polyynes (i-Pr 3 Si- 
(C=C) 32 -Sii-Pr 3 ) and provides a reasonable experimental estimate of the minimum 
length of carbyne [70]. 

7.5.4 

Third-Order Nonlinear Optical Properties 

Polyynes are perhaps the simplest conjugated organic oligomers, and they offer an 
opportunity to probe electronic communication free of the configurational limita¬ 
tions often imposed by rotation about single bonds. This characteristic distin¬ 
guishes polyynes from other typical organic oligomers and polymers, for which 
bond rotation can result in an interruption in conjugation along the molecular fra¬ 
mework [89]. While the third order NLO properties of polyynes have been explored 
in numerous theoretical studies [90], it was not until recently that these properties 
were measured experimentally [86]. 

The molecular second hyperpolarizabilities (y) of the polyynes shown in 
Figure 7.6 have been evaluated by use of a differential optical Kerr effect 
(DOKE) detection setup [86, 91]. The third-order response for these polyynes is 
dominated by an ultrafast (< 100 fs) electronic hyperpolarizability, and Table 7.4 
lists y values for the individual members of the series. While the second hyperpo¬ 
larizabilities for shorter polyynes (n < 6) show only moderate values, y values of 
the longest polyynes (e. g., 114: y = (6.5+0.3) X 10 -34 esu) are substantial for rela¬ 
tively small molecules [92]. By way of comparison, the conjugated polyene mole¬ 
cule [3-carotene, which has 11 consecutive single-double bonds, has a y value of 
(7.9+0.8) X 10 -34 esu, very similar to that of decayne 114 (as measured in THF 
with the DOKE setup). 


Table 7.4 Li near and nonlinear optical characteristics of polyynes. 


Compound 

n 

^max 

[nm] a 

c 

*■'max 

[M-'cm~'] a 

V 

X 10~ 36 [esuf 

110 

2 

<210 

- 

2.75 

± 0.28 

43a 

3 

234 

92 700 

6.99 ± 0.70 

111 

4 

260 

157 000 

12.5 

± 2.1 

56b 

5 

284 

293 000 

35.3 

± 1.2 

112 

6 

304 

359 000 

64.3 

+ 2.9 

113 

8 

339 

603 000 

238.0 

+ 47 

114 

10 

369 

753 000 

646.0 

± 27 


a As measured in hexanes. b As measured in THF by ultrafast Kerr spectroscopy (DOKE) [86], 


Various mathematical approaches have been established to explain the relation¬ 
ship between the molecular hyperpolarizability and length for conjugated oligo¬ 
mers, and they show that y values generally increase superlinearly as a function 
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number of acetylene units, n 


Figure 7.11 Polyyne molecular 
second hyperpolarizability (y) 
as a function of the number of 
repeat units (n) in the oligomer 
chain. The solid line is a fit of 
the form y = a + bn c , where a 
is an offset due to end-group 
effects, b is a constant, and c 
is the power law exponent. The 
inset shows a log-log plot of the 
same data with the coefficient a 
subtracted, yielding a power law 
exponent (slope of the solid 
line) of c = 4.28 ± 0.13 for the 
polyynes. 


of length for a series of structurally similar molecules (Figure 7.11) [87, 93]. As with 
most conjugated oligomers, y values of the polyynes can be fitted to a power-law 
relationship of y ~ n c , and this analysis gives a value of c = 4.28 ± 0.13 
(Figure 7.11, inset). This trend is continuous with the longest polyyne studied, 
the C 20 chain 114, and shows no indication that saturation of the second hyper¬ 
polarizability has begun. 

The analysis of y values for polyynes compares very favorably with that for other 
conjugated oligomers. The third-order optical nonlinearities of various substituted 
and unsubstituted polyenes have been investigated, for example, and experimental 
power-law exponents ranging from c = 2.3 to 3.6 have been reported (Figure 7.12) 
[94-95]. The third-order NLO response of polytriacetylenes [96], perhaps the closest 
structural relative to polyynes, shows power-law behavior with a reported exponent 
of c = 2.5 that is substantially smaller than that for the polyynes. Conjugated oligo¬ 
mers such as oligo(l,4-phenyleneethynylene)s also show an exponent of c = 2.5 
[97], whereas values as high as c = 4.05 have been reported for polythiophenes [98]. 
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= ) SiMe 3 
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Figure 7.12 A comparison 
/'-Pr 3 c:i—(- =—) gi/-Pr 3 of the superlinear increase 
of y values for several 
series of organic oligomers, 
y „ n 4,28 related as y ~ n*. 
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Hegmann and Tykwinski report that, to the best of their knowledge, the expo¬ 
nent c = 4.28 ± 0.13 is the highest exponent observed for a series of nonaromatic, 
conjugated oligomers [86]. The potential of polyynes as NLO materials would there¬ 
fore seem to be quite exciting, particularly in light of recent success toward stabi¬ 
lization and protection of the typically reactive polyyne core. This concept has been 
ingeniously demonstrated by Gladysz, with the reactive polyyne being encased in a 
sheath of insulating alkyl groups (Figure 7.13) [79]. Future studies on even longer 
polyynes will no doubt continue to shed light on the unique physical and optical 
properties of these one-dimensional, carbon-rich systems. 



[79], 

7.6 

Conclusions 

Alkylidene carbenes/carbenoids undergo a number of useful transformations, 
allowing for the formation of butatrienes and radialenes, as well as cyclopentyl 
and cyclopropylidene ring systems. It is their rearrangement to form an acetylene 
fragment, however, that has recently emerged as a particularly useful route to con¬ 
jugated acetylenic molecules. From its discovery in 1894, the Fritsch-Buttenberg- 
Wiechell rearrangement has been employed as an efficient synthetic route to a 
plethora of alkynes appended with alkyl, vinyl and aromatic groups. It has also af¬ 
forded an intriguing array of highly strained cycloalkynes. It has recently been de¬ 
monstrated that the usefulness of the FBW rearrangement can be extended well 
beyond the formation of simple tolans. These efforts have shown that alkylidene 
carbenes/carbenoids allow for the facile formation of symmetrical and unsymme- 
trical di-, tri-, tetra-, and pentayne-containing structures. Nanoscale carbon-rich 
assemblies and new carbon allotropes (the cyclo[n]carbons) are afforded by FBW 
rearrangements, and extended polyynes (currently up to R-(C=C) 10 -R) can also 
be constructed in a few steps. These polyynes can now be produced in macroscopic 
quantities, a factor that greatly facilitates evaluation of their unique optical and 
electronic properties. In view of the tolerance of the FBW rearrangement to a 
range of substrates, coupled with the ability to accomplish multiple rearrange¬ 
ments in a single step, this method offers a facile synthetic route to polyyne mo¬ 
lecules with applications spanning from natural products to advanced materials. 
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7.7 

Experimental procedures 

7.7.1 

General procedure for Friedel-Crafts Acylation 

SOCl 2 (28 mmol) was added to the carboxylic acid (7.0 mmol) in a dry flask pro¬ 
tected from moisture with a drying tube containing CaCl 2 , and the mixture was 
stirred overnight at rt. The excess SOCl 2 was removed in vacuo to provide the 
acid chloride. Distilled CH 2 C1 2 (50 mL) was added to the acid chloride, and the tem¬ 
perature of the solution was lowered to 0 °C. Bis(trimethylsilyl)acetylene (7.0 mmol) 
or bis(trimethylsilyl)butadiyne (7.0 mmol) and A1C1 3 (8.0 mmol) were added, and 
the reaction mixture was allowed to warm to rt. over 3 h. The reaction was carefully 
quenched by pouring of the reaction mixture into a beaker containing HC1 (10%, 

50 mL) in ice (50 mL). Et z O (75 mL) was added, the organic layer was separated, 
washed with satd. aq. NaHC0 3 (2 X 20 mL) and NaCl (2 X 20 mL), and dried 
(MgS0 4 ), and the solvent was removed in vacuo. Column chromatography (silica 
gel) provided the pure ketones [31]. 

7.7.2 

General Procedure for Dibromoolefination. 

CBr 4 (4.0 mmol) and PPh 3 (8.0 mmol) were added to distilled CH 2 C1 2 (100 mL), 
and the system was stirred for 5 min at rt. until the mixture turned bright orange. 

The ketone (3.0 mmol) in CH 2 C1 2 (5 mL) was added to the CBr 4 /PPh 3 mixture over 
a period of 1 min. The reaction mixture turned a darker red/orange color upon ad¬ 
dition of the ketone and was stirred until TLC analysis indicated consumption of 
the ketone. Solvent was reduced to ca. 5 mL, hexanes were added (100 mL), the 
inhomogeneous mixture was filtered through silica gel, and the solvent was re¬ 
moved. Column chromatography (silica gel), if necessary, provided the pure prod¬ 
uct [32, 34, 37a], 

7.7.3 

General FBW Rearrangement Procedure 

A solution of the dibromoolefin (0.40 mmol) in distilled hexanes (12 mL) was cooled 
to -78 °C. BuLi (1.2 equiv. per dibromoolefin moiety) was slowly added over a period 
of ca. 2 min. The reaction mixture turned a pale yellow/orange color. While TLC 
analysis typically indicated that the reaction was complete soon after addition of 
base, warming of the reaction solution in the TLC capillary could influence this 
analysis (the Rf of the polyyne product is nearly always just greater than that of 
the dibromoolefinic precursor). Thus, the reaction mixture was warmed to between 
-40 °C and -10 °C, depending on the example, over a period of 1 h and then 
quenched with satd. aq. NH 4 C1 (10 mL). Et 2 0 (10 mL) was added, the organic 
layer was separated, washed with satd. aq. NH 4 C1 (2 X 20 mL), dried (MgS0 4 ), 
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and the solvent was removed in vacuo. The crude reaction was passed through a 
plug of silica to remove baseline material. Column chromatography (silica gel), 
if necessary, gave the desired products. As outlined in the text, rigorously dry con¬ 
ditions are essential to the success of these reactions. 

7.7.4 

General Oxidative Coupling Procedure. 

A mixture of the trimethylsilyl-protected alkyne (0.15 mmol) and K 2 C0 3 
(0.030 mmol) in wet THF/MeOH (30 mL, 1:1 v/v) was stirred for 2 h. Et 2 0 
(30 mL) and satd. aq. NH 4 C1 (30 mL) were added, the organic phases were sepa¬ 
rated, washed with satd. aq. NH 4 C1 (2 X 20 mL), and dried (MgS0 4 ), and the sol¬ 
vent was reduced to ca. 2 mL. The terminal acetylene was added to a solution of the 
Hay catalyst [99] (CuCl (0.30 mmol) and TMEDA (0.60 mmol) in CH 2 C1 2 (60 mL), 
stirred until homogeneous) that had previously been oxygenated by passing 0 2 
through for 30 min. This mixture was stirred under air at rt. until TLC analysis 
no longer showed the starting material (ca. 3 h). Et 2 0 (30 mL) and satd. aq. 
NH 4 C1 (30 mL) were added, the organic phase was separated, washed with satd. 
aq. NH 4 C1 (2 X 20 mL), dried (MgS0 4 ), and the solvent was removed in vacuo. 
Column chromatography (silica gel) and/or recrystallization gave the desired 
product. 
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Macrocycles Based on Phenylacetylene Scaffolding 

Carissa S. Jones, Matthew J. O’Connor, and Michael M. Haley 


8.1 

Introduction 

The last decade of the 20 th century witnessed a tremendous resurgence in the 
chemistry of the carbon-carbon triple bond [1], The advent of novel synthetic meth¬ 
odology tailored towards the construction of the alkyne moiety, combined with the 
use of organotransition metal complexes for carbon-carbon bond formation [2], has 
revolutionized the assembly of acetylene-containing systems. In particular, recent 
advances in Pd-mediated cross-coupling reactions have allowed for the production 
of phenylacetylene derivatives from an alkyne sp-carbon atom and an sp 2 center 
either of an arene or of an alkene [3], while the construction of a butadiyne moiety 
through homo- or heterocoupling of terminal acetylene units has become routine 
practice in the laboratory [4]. Consequently, the assembly of novel acetylene-con¬ 
taining compounds, including alkyne-rich macrocycles, previously a laborious pro¬ 
cess, can now be accomplished with relative ease. 

Phenylacetylene macrocycle (PAM), phenyldiacetylene macrocycle (PDM), phe- 
nyltriacetylene macrocycle (PTrM), phenyltetraacetylene macrocycle (PTeM), and 
larger phenyloligoacetylene macrocycles are not only of theoretical importance 
but have also been shown to exhibit myriad interesting physical and chemical pro¬ 
perties, which bodes well for their use in materials applications [5]. The range of 
fascinating properties displayed by this family of macrocycles includes nonlinear 
optical and discotic liquid crystalline behavior, fluorescence, and the ability to 
form host-guest complexes, while some even explode to furnish ordered carbon na¬ 
nostructures. The relative ease with which phenylacetylene macrocycles can now 
be constructed has allowed the bench chemist to prepare a wide variety of novel 
derivatives that can be readily functionalized and thus allow their physical proper¬ 
ties and chemical reactivity to be tailored. 

Although a tremendous number of related aryleneethynylene macrocycles have 
been prepared in recent years, this report focuses on systems containing benzene 
and acetylene moieties only. The reader is referred to several excellent reviews re¬ 
garding acetylenic macrocycles containing other arenes, metal-coordinated arenes, 
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and heteroarenes [6]. Our review surveys the main synthetic strategies employed to 
prepare phenyl- and acetylene-containing macrocycles, provides a synopsis of the 
compounds prepared to date, and also offers an overview of the properties and re¬ 
activity of these novel molecules. 


8.2 

Synthetic Strategies 

Two main synthetic strategies exist for the preparation of phenylacetylene macro¬ 
cycles and may be classified depending upon whether the ring is constructed either 
in an intermolecular or in an intramolecular sense. The classical approach utilizes an 
intermolecular reaction in which two or more monomers are coupled together to 
form the macrocycle; the ring-closure thus involves formation of at least two 
new bonds. Whereas the starting materials are prepared with relative ease, numer¬ 
ous cyclooligomeric by-products are obtained in addition to the target molecule, 
which significantly reduces the yield of the desired molecule. Conversely, the intra¬ 
molecular approach involves building the macrocyclic precursor in a stepwise fash¬ 
ion. Subsequent ring-closure affords the target molecule with concomitant creation 
of only one new bond per ring formed. Although numerous steps are often re¬ 
quired to prepare the macrocyclic synthon, the ring-closure typically proceeds in 
good yield and the formation of by-products is minimized, and this has been the 
method of choice for phenylacetylene macrocycle construction in recent years 
[5]. The following subsections contain selected examples of each of these methods 
of macrocycle assembly. 

8 . 2.1 

Intermolecular Approach 

The initially developed (and still utilized) intermolecular approach is the cyclooli¬ 
gomerization technique in which several (n) monomers (X) are coupled together 
to form the macrocycle (Z; i. e., nX = Z). In the second approach, two different 
components, X and Y, are coupled together to form the ring Z such that X + Y 
= Z. While the former technique can afford either monoyne- or diyne-linked prod¬ 
ucts, this latter route has only been successfully used to prepare monoyne struc¬ 
tures. 


8.2.1.1 nX = Z 

The first example of a phenyldiacetylene macrocycle (PDM) reported in the litera¬ 
ture was described by Eglinton and co-workers in the late 1950s [7]. The authors 
believed they had isolated the trimeric [18]annulene 1 after oxidatively coupling 
the terminal acetylene moieties of o-diethynylbenzene (2) through treatment 
with Cu(OAc) 2 in pyridine under high-dilution conditions (Scheme 8.1). However, 
they subsequently reported that the reaction product was the strained dimeric 
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[12]annulene 3, and no evidence to support the formation of higher macrocyclic 
analogues such as 1 was obtained [8]. Although cyclodimer 3 proved somewhat dif¬ 
ficult to manipulate, the authors obtained a low-resolution X-ray structure of the 
compound that showed the “bowed” diacetylenic linkages, which in turn impart 
significant strain upon the molecule [9]. Not surprisingly, the energy-rich hydrocar¬ 
bon decomposes explosively upon grinding or upon heating above 80 °C [8b]. Al¬ 
though yellow crystals of 3 blacken at ambient temperature within a few days, pre¬ 
sumably due to auto-polymerization, it can be kept in a dilute solution of benzene 
or pyridine for extended periods of time, especially when refrigerated and stored 
under an inert atmosphere. 



6 R = Hex, 19% 

Scheme 8.1 Intermolecular synthesis of PDMs. Reagents and conditions: (a) Cu(OAc) 2 , py, 
MeOH; (b) CuCI, TMEDA, ODCB, 0 2 . 


In 1994 the Swager group oxidatively homocoupled o-diethynylbenzene deriva¬ 
tive 4, which possesses two hexyl groups, to form dimer 5 together with isolable 
amounts of trimer 6 and tetramer 7 (Scheme 8.1) [10]. The successful formation 
of the last two compounds can be attributed to the more strongly solubilizing na¬ 
ture of the hexyl groups and thus represents the first time that larger PDMs had 
been characterized from an intermolecular cyclooligomerization strategy where n 
> 2 for nX = Z. 

In 1966, Eglinton et al. [11] used the Castro-Stephens reaction [12] to prepare 
phenylacetylene macrocycle (PAM) 8 in 26% yield (Scheme 8.2). The cyclization 
of synthon 9, in which a Cu-acetylide group is ortho to a halogen, afforded only 
monoyne-containing macrocyclic compounds. Repetition of this work some 20 
years later by Youngs and co-workers afforded the same PAM, but in a somewhat 
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higher 48% yield along with the higher macrocycles 10 and 11 [13]. Huynh and 
Linstrumelle have also prepared PAM 8 (36% yield) through a Pd-mediated 
cross-coupling reaction of 12 [14]. In addition to 8, the latter reaction also yields 
small quantities of the higher homologues 10 and 11 [15]. 



Scheme 8.2 Synthesis of PAMs 8, 10, and 11. Reagents and conditions: (a) py, reflux; 
(b) [Pd(PPh 3 ) 4 ], Cul, KOH, BTEACI, PhH, 85 °C. 


A recent report by Vollhardt and co-workers describes the synthesis of trimeric 
macrocycle 8 in moderate yield. Alkyne metathesis of o-dipropynylated arene 13 
was effected with the tungsten reagent [(tBuO) 3 W=CtBu[ to give the [12]annulene 
in 54% isolated yield (Scheme 8.3) [16]. 

Me 

a 

54% 

Me 

13 8 

Scheme 8.3 Vollhardt synthesis of PAM 8. Reagents and conditions: (a) [(tBuO) 3 W=CtBu], 
toluene, 80 °C. 




8.2.1.2 X + Y = Z 

The first example of an X + Y = Z intermolecular synthesis of a phenylacetylene 
macrocycle was reported by Staab and Graf in 1966 (Scheme 8.4) [17]. X and Y 
were the bis(ylide) derived from 14 and o-phthalaldehyde, which, after a double 
Wittig reaction, formed intermediate 15. Bromination of this compound and sub¬ 
sequent didehydrobromination with strong base gave 8 in an overall yield of 9 %. 

Iyoda and co-workers prepared PAM 8 in a single step by way of the intermole¬ 
cular X + Y = Z approach, cross-coupling 1,2-diodobenzene and excess acetylene 
gas under Pd catalysis conditions to give the target molecule in a modest 39% 
yield [18]. 
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Scheme 8.4 Staab synthesis of PAM 8. Reagents and conditions: (a) Br 2 , CCI 4 , NBS, BPO; 
(b) PPh 3 , PhH; (c) i] PhLi, THF, ii] phthalaldehyde, THF; (d) Br 2 , CCI 4 ; (e) t-BuOK, THF. 


The synthesis of larger oligo(phenylacetylene)s such as 16 (Scheme 8.5) was ac¬ 
complished by Youngs et al. through the iterative Sonogashira cross-coupling of 
diiodide 17 and polyyne 18 [19]. In addition to isolating the 40-membered macro¬ 
cycle 16 in 25 % yield, the authors obtained evidence to support the formation of 
trace amounts of the higher derivatives C 160 H 80 , C 2 4 oH 12 o, C 320 H 160 , and C 400 H 200 . 



8 . 2.2 

Intramolecular Approach 

The main advantage of the intramolecular synthesis of a phenylacetylene macro¬ 
cycle is that it provides a rational route towards a single product. Consequently, 
the formation of oligomeric by-products is minimized, which greatly facilitates 
the purification of the target molecule. Although the number of steps required 
to prepare the macrocyclic precursor is typically high, this method allows unsym- 
metrical systems to be assembled. The majority of recently prepared phenylacety¬ 
lene macrocycles have been synthesized by this approach. 
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The intramolecular synthesis can be divided into two main classes: linear or con¬ 
vergent. In the linear approach the molecule is assembled until the ring is ready for 
final intramolecular ring-closure. In the convergent approach, two or more compo¬ 
nents are cross-coupled together to form the macrocyclic synthon, which is sub¬ 
jected to intramolecular ring-closure to give the target molecule. 


8.2.2.1 Linear 

The linear approach requires the greater number of steps needed for the synthesis 
of intermediates, most of which are obtained by cross-coupling reactions. Haley 
and co-workers prepared PAM 8 by this strategy in a 10-step sequence 
(Scheme 8.6) [20]. 2-Iodoaniline was diazotized and quenched with Et 2 NH to 
give the triazene, which was cross-coupled with trimethylsilylacetylene (TMSA) 
to give the corresponding acetylene derivative. Half of this material was desilylated 
to give the free alkyne, while the remaining material was converted into the aryl 
iodide by heating in Mel. Coupling of the last compound with the free alkyne 
gave the advanced intermediate 19, which was converted in two steps into the 
triyne 20. Finally, conversion of the triazene into the iodoarene, deprotection of 
the alkyne, and intramolecular ring-closure afforded the target molecule in a mod¬ 
est 35 % overall yield for the 10 steps. Not surprisingly, due to the significant effort 
required to prepare the cyclization precursor, this method is seldom used to pre¬ 
pare phenylacetylene macrocyclic derivatives. 



Scheme 8.6 Stepwise synthesis of PAM 8. Reagents and conditions: (a) i] NaN0 2 , HCI, MeCN, 
H 2 0, iij Et 2 NH, K 2 C0 3 , H 2 0; (b) TMSA, [PdCI 2 (PPh 3 ) 2 ], Cul, Et 3 N; (c) Mel, 120°C; (d) K 2 C0 3 , 
THF, MeOH; (e) [PdCI 2 (PPh 3 ) 2 ], Cul, Et 3 N; (f) N,N-diethyl-2-ethynylphenyltriazene, 
[PdCI 2 (PPh 3 ) 2 ], Cul, Et 3 N; (g) [Pd(dba) 2 ], PPh 3 , Cul, Et 3 N. 
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8. 2 . 2.2 Convergent 

The first example of a convergent synthesis of a phenylacetylene macrocycle was 
reported by Eglinton in 1964 as corroboration of the structure of the strained 
PDM 3 [21]. Alkyne dimerization of the starting material with Cu(OAc) 2 in pyridine 
precluded the formation of cyclic products (Scheme 8.7). Didehydrobromination of 
the bromo intermediate furnished the terminal bisalkyne 21, which was intramo- 
lecularly homocoupled to afford 3 . Youngs later prepared the acetylene synthon 21 
from arene 22 and repeated the cyclization reaction (Scheme 8.7) in the presence of 
CuCl instead of Cu(OAc) 2 and with aeration of the solution. This modification af¬ 
forded not only 3 , but also the higher PDM 23 , formed in 65 and 20% yields, re¬ 
spectively [22]. Swager and his group obtained the [12]- and [24]annulenes 5 and 7 , 
respectively, from synthon 24 , which was prepared from butadiyne 25 [10]. It 
should be noted that use of the Hay catalyst (CuCl, TMEDA) in this latter reaction 
afforded a greater yield of the tetrameric PDM 7 (45 %) versus the dimeric PDM 5 
(13%). 



R R 



7 R = Hex, 45% 


Scheme 8.7 Intra/intermolecular synthesis of PDMs. Reagents and conditions: (a) Cu(OAc) 2 , py, 
MeOH; (b) t-BuOK, t-BuOH; (c) TMSA, [PdCI 2 (PPh 3 ) 2 ], Cul; (d) KF or KOH, H 2 0, THF, MeOH; 
(e) CuCl, py, 0 2 ; (f) CuCl, TMEDA, ODCB, 0 2 . 
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By the convergent intramolecular approach it is possible to prepare a variety of 
novel macrocycles inaccessible by the other routes. One such example is the C 2v - 
symmetric [14]annulene 26, which was prepared in an excellent 83 % yield from 
the cyclization of tetrayne 27 with CuCl in dilute pyridine/MeOH solution 
(Scheme 8.8) [23]. 




Scheme 8.8 Synthesis of PDM 26. Reagents and conditions: (a) CuCi, py, MeOH. 


The Haley group very recently used a convergent intramolecular approach for 
the selective synthesis of bis[14]- and bis[15]annulene derivatives [24]. The authors 
effected macrocycle formation under the traditional Eglinton conditions (Cu(OAc) 2 , 
py), but more importantly, ring-closure was also achieved under milder Pd- 
mediated homocoupling conditions similar to those used in Sonogashira reactions 
to provide the appropriate PDMs in high yield. Cross-coupling of diyne 28 with 
tetraiodobenzene, for example, furnished octayne 29, which upon subsequent 
removal of the TIPS groups and metal-mediated ring-closure could afford either 
PDM 30 or 31, or a mixture ofboth (Scheme 8.9). Interestingly, under Cu-mediated 
conditions, the bis[15]annulene 30 was formed as the sole product. Conversely, use 
of [PdCl 2 (PPh 3 ) 2 ] provided a mixture of 30 together with the bis[14] derivative 31, 
while acetylenic homocoupling with [PdCl 2 (dppe)] furnished 31 exclusively. 
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43% [PdCI 2 (PPh 3 )2] 19% 

0% [PdCI 2 (dppe)] 84% 

Scheme 8.9 Selective synthesis of PDMs 30 and 31. Reagents and conditions: (a) 1 ,2,4,5- 
tetraiodobenzene, [Pd(PPh 3 ) 4 ], Cul, /-Pr 2 NH, THF, 40°C; (b) i] TBAF, MeOH, THF, ii] Cu(OAc) 2 , 
py, 60°C; (c) i] TBAF, MeOH, THF, ii] [PdCI 2 (PPh 3 ) 2 ], Cul, l 2 , /-Pr 2 NH, THF, 50°C; (d) i] TBAF, 
MeOH, THF, ii] ]PdCI 2 (dppe)], Cul, l 2 , /-Pr 2 NH, THF, 50°C. 


8.2.3 

Comparison of the Two Pathways 

Phenylacetylene macrocycles can be synthesized by either an inter- or an intramo¬ 
lecular approach. An advantage of the intermolecular approach is that the starting 
materials can typically be prepared in relatively few steps, but the probability of 
forming numerous cyclooligomeric macrocycles is high. Unfortunately, this 
reduces the yield of the desired product and can make purification of the target 
molecule very difficult. 
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While the main disadvantage of the intramolecular approach is that a greater 
number of steps is typically required to assemble the more complex precursor mol¬ 
ecules, this particular pathway for macrocycle synthesis allows one to prepare the 
target compounds in a systematic manner, which greatly improves the yield of the 
final products. Oligomeric by-products are minimized, so purification is greatly 
simplified. Additionally, this route permits the preparation of novel macrocycles 
that would otherwise be nearly impossible to construct by intermolecular strate¬ 
gies, such as macrocycles possessing little or no symmetry, products possessing 
functionality at predetermined positions, and compounds with various numbers 
of acetylenic linkages. 


8.3 

Phenylacetylene Macrocycles 

8.3.1 

Ortho PAMs 


The simplest o-phenylacetylene macrocycle, highly strained diyne 32 (Scheme 8.10), 
was first reported by Sondheimer and co-workers 30 years ago [25]. The [8]annulene 
was prepared by bromination of sym-dibenzocyclooctatetraene ( 33 ) with two molar 
equivalents of bromine, to give 34 or 35 . Treatment of 35 with an excess of 1,5-dia- 
zabicyclo[4.3.0]non-5-ene in boiling benzene gave 34 as a mixture of isomers. Sub¬ 
sequent treatment of either with t-BuOK furnished the target hydrocarbon as a yel¬ 
low solid that decomposes at —110 °C. Although the X-ray structure of 32 shows the 
acetylenic linkages are distorted from the normal linear arrangement by some 24.3°, 
the molecule decomposes only slowly over 2 days when stored under ambient con¬ 
ditions. Although PAM 32 has also been synthesized by other methods [26], that 
shown in Scheme 8.10 still remains the predominant route for its preparation. 






32 


Scheme 8.10 Synthesis of PAM 
32. Reagents and conditions: 

(a) 1,5-diazabicyclo[4.3.0]non-5- 
ene, PhH, reflux; 

(b) 2 equiv. Br 2 , CCI 4 , ha; 

(c) t-BuOK, THF, rt, 30 min. 
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As mentioned previously, PAM 8, which contains three phenyl rings ortho-linked 
by the same number of acetylene moieties, was prepared independently by the 
groups of Eglinton and Staab in 1966 by use of an intermolecular synthetic ap¬ 
proach (see Schemes 8.1 and 8.4). Since then, two strategies have been evolved 
for the assembly of 8. The first has focused on improvement of the Eglinton 
route by modification of the reaction conditions, either by changing the method 
of Cu-acetylide formation [13] or by inclusion of Pd as a catalyst [14]. The second 
strategy has been to develop completely new synthetic routes [16, 18, 20]. Very re¬ 
cently, Iyoda and his group prepared 8 in moderate yield through an intermolecu¬ 
lar cross-coupling reaction between 1,2-diiodobenzene and triyne 36 (Scheme 8.11) 

[27]. Heating a DMF solution of 36 and 30 mol% of Cul and PPh 3 at reflux in the 
presence of K 2 C0 3 afforded 8 in 51% yield. Interestingly, substitution of K 2 C0 3 
with either CsC0 3 or CaC0 3 failed to afford significant amounts of 8, while the 
use of Na 2 C0 3 gives the target macrocycle in only 20 % yield. The authors also pre¬ 
pared 8 in 26% yield from 1,2-diethynylbenzene 2 and bis(2-iodophenyl)acetylene 
(37) by a similar approach (Scheme 8.11). 



Scheme 8.11 Iyoda synthesis of PAM 8. Reagents and conditions: (a) Cul (30 mol%), l< 2 C0 3 
(3 equiv.), PPh 3 (30 mol%), DMF, reflux; (b) Cul (60 mol%), K 2 C0 3 (3 equiv.), PPh 3 (60 mol%), 
DMF, reflux. 


Vollhardt and co-workers recently reported the synthesis of 8 in 54% yield by 
alkyne metathesis of dialkynylarene 13 and the tungsten reagent [(tBuO) 3 W=CtBu] 
(Scheme 8.12) [16]. Analogous treatment of other appropriately substituted 1,2-di- 
propynylated arenes (38-40) afforded the novel hexasubstituted PAMs 41-43, re¬ 
spectively. Unfortunately, it was not possible to effect the above transformation 
with substituents ortho to the acetylene groups in synthon 13, which accordingly 
limits the synthetic utility of the procedure. 


R R 



Scheme 8.12 Synthesis of PAMs 8 and 41-43. Reagents and conditions: (a) HC=CH 3 , 
[PdCI 2 (PPh 3 ) 2 ], Cul, NEt 3 (or NEt 3 /DMF), A; (b) [(t-BuO) 3 W=Ct-Bu], toluene, 80°C. 
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In addition to the synthesis of 8 , that of hexamethyl[12]annulene 41 and hexa- 
fluoro[12]annulene 44 has been accomplished by Iyoda and his group through 
cyclization of the appropriate l,2-disubstituted-4,5-diiodobenzene derivative with 
acetylene gas in the presence of [PdCl 2 (PPh 3 ) 2 ] and Cul (Scheme 8.13) [18]. The 
yield of product was affected dramatically by the choice of solvent; thus, when 
4,5-diiodo-o-xylene ( 45 ) was cyclized in morpholine, PAM 41 was obtained in 
trace quantities, but with the DMF/NEt 3 solvent system the yield increased to 
11%. Analogous treatment of l,2-difluoro-4,5-diiodobenzene ( 46 ) gave the hexa- 
substituted macrocycle 44 in 32 % yield in morpholine, but in a somewhat reduced 
24% yield in DMF/NEt 3 . 

R R 



45 R = Me 

46 R = F 



41 R = Me, trace-11% 
44 R = F, 24-32% 


Scheme 8.13 Synthesis of 
PAMs 41 and 44. Reagents 
and conditions: (a) HC=CH, 
[PdCI 2 (PPh 3 ) 2 ], Cul, morpholine 
or NEt 3 , DMF. 


The most commonly used method for ortho-PAM synthesis is the intermolecular 
cyclotrimerization of ortho-ethynyliodoarenes [27], which can be effected either 
with catalytic or with stoichiometric amounts of Cu salts (Scheme 8.14). Treatment 
of such arenes with Cul, K 2 C0 3 , and either PPh 3 or P(2-furyl) 3 in DMF at 160 °C 
gave the hexasubstituted PAMs 8 , 41 , 42 , and 47 in low to moderate yields [27a]. It 
should be noted that the choice of phosphine ligand had a significant impact upon 
the outcome of the reaction. For example, use of PPh 3 with ortho-ethynyliodoben- 
zene gave macrocycle 8 in 55 % yield, while use of P(2-furyl) 3 afforded the same 
compound in only 24% yield. Alternatively, cyclotrimerization by a modified 
Castro-Stephens reaction (generation of the Cu-acetylide in situ) furnished trimers 
48 and 49 together with equal amounts of tetramers 50 and 51 in ca. 30% com¬ 
bined yield [27b]. Although designed to behave as discotic mesogens, PAMs 
48-51 exhibit no liquid crystalline phases. 

Vollhardt and his group have reported the synthesis of hexaethynylated [12]annu- 
lenes ( 52 - 55 ) [28]. The synthons for cyclization were alkyne derivatives 56 - 58 , 
which were in turn prepared in a stepwise fashion from 1,2,3,4-tetrabromobenzene 
(Scheme 8.15). Regioselective alkylation of the tetrahalogenated substrate at the 1- 
and 4-positions afforded diacetylene derivatives 59 - 61 , which were monoalkyny- 
lated at the 2-position to afford compounds 62 - 64 . Halogen/lithium exchange of 
the latter, quenching of the resultant anion with molecular iodine, and subsequent 
removal of the trimethylsilyl protecting group with base furnished 56 - 58 . Conver¬ 
sion of 56-58 into the Cu-acetylide derivatives, followed by heating at reflux in pyr¬ 
idine, afforded PAMs 52 - 54 . The parent macrocycle 55 was generated by fluoride- 
induced desilylation of 54 . 
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R R 



48 R — 1 C 10 H 21 50 R -C,oH 2 i 

49 R —4H 2 g 51 R =Q 4 PI 29 

Scheme 8.14 PAM synthesis by cyclooligomerization. Reagents and conditions: (a) Cul, PPh 3 , 
K 2 CO s , DMF, 160°C; (b) Cul, P(2-furyl) 3 , K 2 C0 3 , DMF, 160°C; (c) i] t-BuOK, py, ii] CuCI, reflux. 


The crystal structure of [12]annulene 52 shows the molecule to be locally C 2 - 
symmetric [28a]. As a result of severe steric congestion caused by the bulky acety¬ 
lenic substituents, the macrocyclic core of 52 is highly distorted, with the triple 
bonds deviating from linearity by an average of 5.7° (cyclic) and 4.5° (exocyclic). 
In contrast, the crystal structure of the unsubstituted hexaethynyl macrocycle 55 
shows the molecule to be essentially planar and D 3 -symmetric [28b]. Interestingly, 
the proximal alkynyl CH bonds of 55 chelate THF with supramolecular organiza¬ 
tion of the macrocycle around the occluded solvent molecules. This augers well for 
use of 55 as a supramolecular synthon for crystal engineering. 

The hexamethoxy[12]annulene 65 has been prepared by Youngs et al. from sub¬ 
strate 66 [29]. Treatment of alkyne 67 with ‘superbase’ and subsequently with 
Br 2 Mg • OEt 2 and quenching with molecular iodine gave 66 (Scheme 8.16). Forma¬ 
tion of the Cu-acetylide from the terminal acetylene moiety of 66 and subsequent 
Castro-Stephens cyclotrimerization in pyridine at reflux furnished 65 in an excel¬ 
lent 80% yield. The cyclization could also be effected by heating of 66 with 
[PdCl 2 (PPh 3 ) 2 ] in pyridine at reflux, although the yield of 65 was very poor (5%). 
Double demethylation of one of the arene rings of 65 could be effected with 
ceric ammonium nitrate (CAN) to give quinone 68 in 91 % yield. Further oxidation 
to the corresponding all-quinone derivative was not possible. 







316 


8 Macrocycles Based on Phenylacetylene Scaffolding 


Br 



Br 


R 



R 


59 R = CH 2 C 6 H 11 , 58% 

60 R = Pr, 51% 

61 R = SiMe 2 Th, 80% 


R 



62 R = ChfeCeHn, 65% 

63 R = Pr, 53% 

64 R = SiMe 2 Th, 61% 



56 R = CH 2 C 6 H 11 , 86% 

57 R = Pr, 53% 

58 R = SiMe 2 Th, 91% 


52 R = CI-feCfjHn, 36% 

53 R = Pr, 53% 

54 R = SiMe 2 Th, 20% 


55 R = H, 95% 


9 


Scheme 8.15 Synthesis of ethynyl PAMs 52-55. Reagents and conditions: (a) RC=CH (2 equiv.), 
[PdCI 2 (PPh 3 ) 2 ], Cul, NEt 3 ; (b) TMSA (1 equiv.), [PdCI 2 (PPh 3 ) 2 ], Cul, NEt 3 ; (c) BuLi, Et 2 0; (d) l 2 , 
Et 2 0; (e) K 2 C0 3 , MeOH; (f) CuCI, NH 4 OH, EtOH, py; (g) TBAF, THF, MeCN. 



Scheme 8.16 Synthesis of PAM 65. Reagents and conditions: (a) i] t-BuOK, BuLi, THF, 

ii] MgBr 2 ■ Et 2 0, iiij l 2 , THF; (b) i] CuCI, NH 4 OH, EtOH, ii] py; (c) [PdCI 2 (PPh 3 ) 2 ], py; (d) CAN, 

MeCN. 
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The ready availability of PAM 8 through several syntheses has allowed elucida¬ 
tion of the chemistry displayed by the molecule. In particular, a variety of organo- 
metallic species in which the n electron-rich 8 participates as the ligand have been 
prepared. Treatment of 8 with Co 2 (CO) 8 furnished the 66-electon cluster 69, which 
was characterized by X-ray crystallography [30]. The authors inferred that the bind¬ 
ing of cobalt to the macrocycle resembled the postulated transition state of a metal- 
mediated [2+2+2] cyclotrimerization of alkynes. Treatment of 8 and the hexam- 
ethoxy derivative 65 with [Ni(COD) 2 ] resulted in incorporation of the Ni(0) atom 
into the cavity of the macrocycle, to give complexes 70 and 71, respectively, in 
which the metal is bound by tt alkyne/transition metal bonding interactions [31]. 
Treatment of a saturated solution of 8 with [Cu 2 (C 6 H 6 )(OTf) 2 ] provided complex 

72, in which the Cu(i) ion is chelated by the three alkyne moieties [32]. Conversely, 
mixing of stoichiometric amounts of 8 and [Cu 2 (C 6 H 6 )(OTf) 2 ] generated complex 

73, in which three Cu centers are bound to the face of the macrocycle [32]. Treat¬ 
ment of 8 with half an equivalent of AgOTf furnished the novel macrocyclic sand¬ 
wich complex 74 [33]. This last complex was found to dissociate in solution, though 
the sandwich complex formed from 8 and AgBF 4 is stable enough to be character¬ 
ized by NMR spectroscopy [18]. The hexabutyl-substituted macrocycle 47 also 
formed a sandwich complex with the silver cation [26]. The treatment of 47 with 
AgBF 4 generated a sandwich species, which has been characterized by NMR 
spectroscopy. 




71 R = OMe 



72 73 74 


Very recently, Iyoda and his group have shown that macrocycle 8 undergoes 
ruthenium-catalyzed oxidation in the presence of a variety of oxidants to give 
both dione 75 and the unusual polycyclic hexaketone monohydrate 76 
(Scheme 8.17) [34]. 
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b, 6% b, 31% 

c, 21% c, trace 

d, 26% d, trace 

Scheme 8.17 Oxidation of PAM 8. Reagents and conditions: (a) Ru0 2 -2H 2 0, Nal0 4 , CCI 4 , 
MeCN, H 2 0; (b) RuCI 3 -3H 2 0, PhIO, Me 2 CO, H z O; (c) [RuCI 2 (PPh 3 ) 2 ], CH 2 CI 2 ; 

(d) [RuCI 2 (MeCN) 2 (PPh 3 ) 2 ], PhIO, CH 2 CI 2 . 


The behavior of macrocycle 8 with Li metal has been studied [35]. Addition of 
four molar equivalents of Li to a THF solution of 8 produced the highly air-sensi¬ 
tive dilithiate 77, the structure of which was confirmed by X-ray crystallography 
(Scheme 8.18). Youngs et al. proposed that the first two equivalents of Li generate 
the diradical dianion, which then collapses to form the central six-membered ring. 
Further reduction by two more equivalents of alkali metal and subsequent protona¬ 
tion by the solvent affords 77. 




Scheme 8.18 Reduction 
of PAM 8. Reagents and 
conditions: (a) Li, THF. 


The syntheses of more complicated ortho-PAMs have been achieved recently. The 
driving force behind the preparation of these multiple [12]annulene derivatives has 
been predictions of interesting materials properties for oligomeric/polymeric struc¬ 
tures based on 8. In 1987 Baughman et al. calculated the structures of several 
hypothetical all-carbon networks and predicted that graphyne (78), comprised 
equally of sp and sp 2 carbons, should display promising third-order nonlinear op¬ 
tical properties. The material was also calculated to be a large bandgap semicon¬ 
ductor and, once suitably doped with alkali metals, to exhibit metallic behavior 
[36]. Recent semiempirical INDO/S and AMI molecular orbital calculations have 
shown that molecular chains derived from [12]annulene (e. g., 79) would also be 
expected to display nonlinear optical properties [37]. Despite these predictions, 
graphyne-related research has been hampered by synthetic accessibility, and so 
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most efforts in this area have focused on smaller, soluble, discrete substructures 
(vide infra). 




The Haley group has prepared “bow-tie” bis[12]annulene 80 by an intramolecular 
stepwise strategy (Scheme 8.19) [20]. Using an set of reactions analogous to those 
by which macrocycle 8 was prepared (see Scheme 8.6), the Haley group synthe¬ 
sized the advanced intermediate 81. Conversion of the triazene moieties into the 
corresponding iodo derivatives and subsequent deprotection of the TMS-protected 
alkynes and cross-coupling gave PAM 80 as a sparingly soluble, yellow solid. Al¬ 
though the authors did not obtain NMR data for 80, they were able to obtain 
UV/Vis, IR, and MS data fully in accord with the proposed structural assignment. 

More recently, Vollhardt et al. prepared 80 by a sextuple metathesis reaction be¬ 
tween two equivalents of 13 and tetrayne 82 (Scheme 8.20) [16]. Not only did the 
authors obtain macrocycle 80 in 6 % yield, which is impressive since six metathesis 
reactions must occur, but they were also able to secure proton NMR data for the 
compound. 

Iyoda and co-workers have prepared the octasubstituted bow-tie PAM 83 by Cu- 
mediated cross-coupling of 1,2,4,5-tetraiodobenzene and the substituted triyne 84 
(Scheme 8.21) [27]. Although the yield of formation of bismacrocycle 83 is extreme¬ 
ly low (~1%), the authors were able to characterize the first example of a substi- 
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Scheme 8.19 Stepwise synthesis of PAM 80. Reagents and conditions: (a) K 2 C0 3 , MeOH, THF; 
(b) 1,5-dibromo-2,4-diiodobenzene, [PdCI 2 (PPh 3 ) 2 ], Cul, Et 3 N; (c) TMSA, [PdCI 2 (PPh 3 ) 2 ], Cul, 
Et 3 N; (d) Mel, 120°C; (e) [Pd(dba) 2 ], PPh 3 , Cul, Et 3 N. 



Scheme 8.20 Metathesis synthesis of PAM 80. Reagents and conditions: (a) [(t-BuO) 3 W=Ct-Bu], 
toluene, 80 °C. 


tuted derivative of 80. Not surprisingly, the eight butyl substituents aided product 
solubility significantly. 

The novel PAM 85, which contains three [12]annulenes fused to a benzene core, 
was prepared very recently by Tobe and his group [38]. Sextuple Pd-catalyzed cross¬ 
coupling of hexabromobenzene with phenylacetylene 86 afforded 87 in 60 % yield 
(Scheme 8.22). Treatment of this with [VC1 3 [THF] 3 ]/Zn furnished the all-erythro 
polycycle 88. Chlorination/dehydrochlorination gave the target macrocycle 85 in 
10% yield for the two steps combined. 

Haley and co-workers prepared the ‘diamond’ bisPAM 89, containing solubiliz¬ 
ing tert -butyl groups, by a stepwise intramolecular approach (Scheme 8.23) [20]. 
4-tert-Butylaniline was converted into iodoarene 90 in four steps. Part of this ma¬ 
terial was carried forward to 91, which was then desilylated and cross-coupled 
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of PAM 83. Reagents and conditions: (a) Cul, PPh 3 , K 2 C0 3 , DMF, 160°C. 
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Scheme 8.22 Synthesis of PAM 85. Reagents and conditions: (a) [Pd(PPh 3 ) 4 ], Cul, Et 3 N, toluene, 
THF, 80°C; (b) [VCI 3 [THF] 3 ], Zn, DMF, CH 2 CI 2 ; (c) SOCl 2 , py, DCE, 50°C; (d) t-BuOK, THF, 50°C. 
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with 90 to afford 92. Iodination, desilylation, and double intramolecular cross¬ 
coupling furnished the desired macrocycle 89 as a bright yellow solid in an overall 
yield of 0.6 %. 



f-Bu 


TIPS 


TMS 



TMS 


e-g 

29% 



N 3 Et 2 


f-Bu f-Bu 



Scheme 8.23 Stepwise synthesis of PAM 89. Reagents and conditions: (a) BTEAICI 2 , CaC0 3 , 
CH 2 CI 2 , MeOH; (b) i] NaN0 2 , HCI, MeCN, H 2 0, ii] Et 2 NH, K 2 C0 3 , H 2 0; (c) TMSA, [PdCI 2 (PPh 3 ) 2 ], 
Cul, Et 3 N; (d) Mel, 120°C; (e) TIPSA, [PdCI 2 (PPh 3 ) 2 ], Cul, Et 3 N; (f) K 2 C0 3 , THF, MeOH; (g) N,N- 
diethyl-2-iodophenyltriazene, [PdCI 2 (PPh 3 ) 2 ], Cul, Et 3 N; (h) TBAF, THF, EtOH; (i) 90, 
[PdCI 2 (PPh 3 ) 2 ], Cul, Et 3 N; (j) [Pd(dba) 2 ], PPh 3 , Cul, Et 3 N. 


Tobe and his group very recently prepared the hexasubstituted ‘diamond’ PAM 
93 by an intermolecular approach (Scheme 8.24) [38]. 4-Decylaniline was converted 
into iodide 94 in two steps in 61 % yield. Part of this material was treated with 2- 
methyl-3-butyne-2-ol and then with KOH to afford terminal acetylene 95, which 
was cross-coupled with 94 to furnish the diphenylacetylene 96. Heating of this 
compound at reflux in basic media under Pd catalysis with the diacetylene 97, itself 
prepared in one step from l,2-didecyl-4,5-diiodobenzene and 2-methyl-3-butyne-2- 
ol, afforded the target macrocycle 93 in 9 % yield. 

The only ortho-PAMs in which the macrocycle contains more than twelve carbon 
atoms to have been prepared and characterized formally are the [16]-, [24]-, and 
[40]annulenes 10, 11, and 16, respectively [13, 15, 19]. An X-ray structure has 
been obtained on PAM 16 and shows that the molecule contains no symmetry 
other than a Cj axis [19b]. Similarly to 8, PAM 10 reacts with Co 2 (CO) 8 to give a 
tetracobalt cluster and undergoes a Li-induced ‘zipper’ cyclization reaction [39]. 
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Scheme 8.24 Synthesis of PAM 93. Reagents and conditions: (a) BTMABr 3 , K 2 C0 3 , CH 2 CI 2 ; 
(b) isopentyl nitrite, l 2 , PhH; (c) 2-methyl-3-butyn-2-ol, [Pd(PPh 3 ) 4 ], Cul, Et 3 N; (d) KOH, PhH; 
(e) 94, [Pd(PPh 3 ) 4 ], Cul, Et 3 N; (f) 2-methyl-3-butyn-2-ol, [Pd(PPh 3 ) 4 ], Cul, piperidine; 

(g) [Pd(PPh 3 ) 4 ], Cul, PPh 3 , KOH, PhH, CH 3 N(C 8 H 17 ) 3 CI. 


8.3.2 

Meto-PAMs 

The smallest known m-phenylacetylene macrocycle is the [15]annulene 98 
(Scheme 8.25), which was prepared by Oda and his group in 1997 and has a com¬ 
puted strain energy of 48 lccal mol -1 [40]. The synthon for the trimeric macrocycle 
98 is triene 99, which was synthesized by a Ti-mediated intramolecular reductive 
coupling of the formylstyryl benzene derivative 100. Treatment of 99 with excess 
bromine and subsequent dehydrobromination yielded macrocycle 98 as a moder¬ 
ately stable crystalline material that decomposed thermally above 180 °C. An 
X-ray structure of 98 shows the molecule to be nearly planar and C 2 -symmetric 
[40]. The benzene rings are distorted from a regular hexagon by 3.3° and the tor¬ 
sion angles between the benzene rings and triple bonds by less than 3.5°. The 
alkyne moieties, which impart significant strain on the molecule, are highly dis¬ 
torted from linearity with an average sp bond angle of 158.6°, a value comparable 
to those in sym-dibenzocyclooctatetraene 32 (159.1°). 

PAM 98 was found to undergo facile Diels-Alder reaction with cyclopentadiene 
at room temperature to afford a mixture of the syn/anti diadducts 101 in an 
approximately 1:1 ratio (Scheme 8.26). Surprisingly, no evidence to support the 
formation of either the mono- or the triadduct was obtained. 
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Scheme 8.25 Synthesis of PAM 98. Reagents and conditions: (a) m-BrC 6 H 4 CH 2 PPh 3 + Br , t-BuOK, 
DMSO; (b) i] BuLi, THF, ii] DMF; (c) TiCI 4 , Zn, DME; (d) Br 2 , CHCI 3 ; (e) t-BuOK, Et 2 0. 




Scheme 8.26 Cycloaddition of PAM 98. Reagents and conditions: (a) cyclopentadiene, CHCl 3 . 


The synthesis of the m-phenylacetylene macrocycle 102 (Scheme 8.27), contain¬ 
ing four alternating acetylene and phenyl moieties, had been reported the previous 
year by Oda and colleagues [41]. McMurry coupling of dialdehyde 103 with low- 
valent titanium metal afforded a mixture of ( Z,Z,E,E) and ( E,Z,E,Z ) isomers of 
104; neither the ( Z,Z,Z,Z) isomer nor the intramolecular coupling product from 
103 were detected. Treatment of 104 with molecular bromine, followed by dehydro- 
bromination of the resulting adduct with t-BuOK, afforded PAM 102 in 55 % yield. 



103 



b,c 

55% 


104 102 



Scheme 8.27 Synthesis of PAM 102. Reagents and conditions: (a) TiCI 4 , Zn, DME; (b) Br 2 , CHCI 3 ; 
(c) t-BuOK, THF. 
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The X-ray structure of 102 reveals the molecule to be non-planar, and the twist 
angle of the benzene rings from the plane of the macrocycle is less than 2° [41]. 

As anticipated, the triple bonds are distorted from linearity (167.7-169.9°), which 
imparts strain upon the molecule. Although the strain energy of the macrocycle 
has been calculated as ca. 11 kcal mol -1 , it is remarkably stable and decomposes 
above 300 °C on attempted melting. In contrast to triyne 98, macrocycle 102 is 
inert towards cycloaddition reactions either with furan or with cyclopentadiene. 

PAM 105, containing four intraannular methoxy substituents, was synthesized 
analogously to the parent compound 102 (Scheme 8.28) [42]. McMurry coupling 
of dimethoxystilbene 106 afforded a mixture of cyclic dimers (107) from which 
the ( E,Z,E,Z )-tetraene separated out as crystals in 19% yield. Bromination/dehy- 
drobromination of this compound furnished 105 as a stable solid in a modest 
62 % yield. 



Scheme 8.28 Synthesis of PAM 105. Reagents and conditions: (a) TiCl 4 , Zn, DME; (b) Br 2 , CHCI 3 ; 
(c) t-BuOK, THF. 


In contrast to that of the nearly planar parent macrocycle 102, the X-ray structure 
of 105 reveals the molecule to be non-planar with C 2 symmetry, the first and third 
benzene rings lying in the plane whilst the second and forth rings are twisted out 
of the plane by 42° [42]. As expected, the triple bonds of 105 are bent, with an aver¬ 
age angle of 166.9°, and as a result of steric congestion, the methoxy moieties of 
rings one and four point upward while the other two point downward. The X-ray 
structure shows that macrocycle 105 has an organized cavity with a diameter of 
1.2 A, which augers well for the molecule to act as an ionophore. Indeed, when 
105 was treated with the alkali metal picrates (PicM), where M = Li + , Na + , K + , 
Rb + , and Cs + , encapsulation took place for all but the last ion. The association con¬ 
stants are large, ranging from 8.23 to 10.59, and the ability of the macrocycle to 
bind K + ions is comparable to that of 18-crown-6. 

The only reported example of a weta-PAM containing five alternating phenyl and 
acetylene units is the n-butyl ester-substituted 108 [43]. The pentayne was prepared 
by a convergent stepwise approach from ester 109 (Scheme 8.29). Treatment of this 
ester either with weak base or with Mel furnished 110 and 111, respectively, and 
these were cross-coupled to afford 112. Repetition of the above transformations 
generated the linear pentamer 113, and treatment of this with Mel and subsequent 
base-induced desilylation of the protected acetylene moiety afforded synthon 114. 
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Cyclization was accomplished under pseudo-high-dilution conditions by slow addi¬ 
tion of 114 to an active solution of Pd catalyst to give the macrocycle 108 in mod¬ 
erate yield. 

R 



Scheme 8.29 Synthesis of PAM 108. Reagents and conditions: (a) K 2 C0 3 , MeOH; (b) Mel, 
110°C; (c) [Pd(dba) 2 ], PPh 3 , Cul, NEt 3 . 


The parent hexamer 115 was first reported in the literature 30 years ago, by Staab 
and Neuenhoeffer [44]. The authors prepared the requisite macrocycle though 
a sextuple Castro-Stephens coupling of Cu-acetylide 116 in 4.6% yield 
(Scheme 8.30). Synthon 116 was, in turn, generated from treatment of acetylene 
117 with CuCl in aqueous ammonia/ethanol. 



Scheme 8.30 Synthesis of PAM 115. Reagents and conditions: (a) CuCl, NH 3 , H 2 0, EtOH; (b) py, A. 
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Bunz and co-workers prepared the hexasubstituted meta -phenylacetylene deriva¬ 
tives 118 and 119 by a one-pot cyclooligomerization strategy (Scheme 8.31) [45]. 
Treatment of the substituted benzene derivatives 120 and 121 with the molybde¬ 
num reagent [Mo(CO) 6 ] in 4-chlorophenol at elevated temperature afforded the 
sextuple alkyne metathesis hexamers 118 (6%) and 119 (1.2%), respectively. Treat¬ 
ment of the former macrocycle with [(MeCN) 2 Os 3 (CO) 10 ] resulted in coordination 
of one acetylene moiety to metal atoms to form a triosmiumdecacarbonyl cluster 
complex in 11 % yield. As evidenced by an X-ray structure, the attachment of the 
osmium cluster to the acetylene moiety disrupts the planarity of the ring signifi¬ 
cantly. An X-ray crystal structure of 118 shows the PAM to be nearly planar and 
essentially strain-free [45]. The molecule was found to include two equivalents of 
disordered hexane per molecule in the solid state, one passing through the center 
of the ring while the other is located between the stacks of rings. The rings of 118 
are stacked and align in columns. 

R 


a 


Me 


120 R =f-Bu 118 R =f-Bu, 6% 

121 R = Ha 119 R = Hex, 1.2% 

Scheme 8.31 Synthesis of PAMs 118 and 119. Reagents and conditions: (a) Mo(CO) 6 , 
4-chlorophenol, 150°C. 

A vast array of substituted hexameric (and other) PAMs (e. g., 122-129) have 
been prepared since the early 1990s by Moore and his group [5c, 43, 46]. By use 
of an iterative route it was possible to synthesize appropriately functionalized phen¬ 
ylacetylene macrocycles by sequential addition of derivatized monomers and sub¬ 
sequent cyclization of the linear hexamers to afford well defined macrocycles 
with precise substituent placement on the periphery of the PAM (Scheme 8.32). 
Thus, the coupling of monomers 130 and 131 and subsequent treatment of the der¬ 
ived adduct with base gave dimer 132. Treatment of this compound with 133 and 
removal of the TMS moiety of the resultant species with base furnished tetramer 
134. Repetition of this sequence of events with dimer 135 then afforded hexamer 
136. Conversion of the triazene moiety of this last compound into the correspond¬ 
ing aryl iodide, protiodesilylation, and Pd-mediated ring-closure afforded the geo¬ 
metrically well defined PAMs 122-129. 
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Et 2 N 




122 Ri=R 2 = R 3 —R 4 —R 5 —Rg = C0 2 Bu 

123 R 1 =R 2 =R 3 =R 4 =R 5 =R 6 =C0 2 Hep 

124 R-]—R 2 = R 3 —R 4 —R 5 —Rg = C0 2 0ct 

125 R 1 =R 2 =R 3 =R 4 =R 5 =R 6 =OBu 

126 R 1 =R 3 =R 5 = f-Bu; R 2 —R 4 —Rg = H 

127 Ri=R 2 =R 3 =C0 2 Bu; R 4 —R 5 —Rg = OBu 

128 R-]—C0 2 Me; R 2 = R 4 — Rg = H; R 3 = R 5 = f-Bu 

129 R 1 =C0 2 Me;R 2 =R 4 =f-Bu;R 3 =R 5 =R 6 =H 


Scheme 8.32 Moore Synthesis of PAMs 
122-129. Reagents and conditions: 

(a) [Pd(dba) 2 ], PPh 3( Cul, NEt 3 ; (b) K 2 C0 3) 
MeOH orTBAF; (c) Mel, 110°C. 


The hexameric PAMs have attracted much interest thanks to a slew of novel 
properties. In 1992, Zhang and Moore reported that the chemical shifts in the pro¬ 
ton NMR spectrum of ester 122 were concentration-dependant, which indicated 
the compound was spontaneously aggregating into ordered assemblies in solution 
due to tt stacking [47]. A variety of differently functionalized phenylacetylene 
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macrocycles were prepared for subsequent investigation. The results showed that 
those molecules containing ester groups with linear alkyl side chains (e. g., 123) 
aggregated in solution, while aggregation was reduced significantly, or not observ¬ 
ed at all, for macrocycles not possessing electron-withdrawing substituents. No 
self-association was observed, for example, for hexaether derivative 125 [47, 48]. 

If suitably functionalized, phenylacetylene macrocycles such as 137 and 138 dis¬ 
play liquid crystalline behavior [49]. These compounds were shown to exhibit both 
ordered isotropic and fluid phases and demonstrated self-organization in the disco- 
tic nematic phase upon cooling from the isotropic melt. More recently, PAMs have 
been shown to exhibit a discotic liquid crystalline phase [50]. 




137 R 1 =R 2 = R 3 = R 4 =R s =R 6 = OHep 

138 R^R^R^R^R^R^OCOHep 

139 R 1 =R 2 =R 3 = R 4 = f-Bu;R 5 =R 6 =COO- + NBu 4 

One of the rich variety of properties displayed by phenylacetylene macrocycles is 
the ability of some to form ordered monolayers [46c]. For example, when the tetra- 
butylammonium carboxylate salt 139 is transferred onto various substrates, it 
adopts a stable two-dimensional organization displaying a high degree of polar 
and conformational order. 

To date, only one example of a meto-hexaethynyl PAM with only internal ring 
substituents has been reported [51]: the macrocycle 140 was prepared in two 
steps from stilbene 141 (Scheme 8.33). McMurry coupling of 141 in DME/toluene 
afforded hexaene 142, along with the tetraene 143, in 14 and 23 % yields, respec¬ 
tively. Bromination/dehydrobromination of 142 furnished 140 in 52 % yield as a 
poorly soluble solid. 

Examples of meta -hexaethynyl PAMs containing both internal and external ring 
substituents are known. Oda and co-workers prepared macrocycle 144 by bromina¬ 
tion/dehydrobromination of substrate 145 (Scheme 8.34) [51]. In turn, compound 
145 was prepared by McMurray coupling of the dialdehyde 146, with the reaction 
also affording the trimeric macrocycle 147. An X-ray structure was obtained for 
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143, 23% 


b,c 

52% 



R = OMe 


Scheme 8.33 Synthesis of 
PAM 140. Reagents and 
conditions: (a) TiCI 4 , Zn, 
DME, toluene; (b) Br 2 , 
CHCI 3 ; (c) t-BuOK, THF. 


macrocycle 144 [51]: the compound is essentially planar, with the methoxy groups 
alternating syn and anti. The molecule has a cavity of ~5A and exhibits good iono- 
phoric selectivity for the ammonium ion. 

PAM 148 was prepared, along with the heptameric analogue, by Bunz et al., by 
alkyne metathesis of the dipropynylated benzene derivative 149, albeit only in 
0.5 % yield (Scheme 8.35) [45]. The formation of oligomeric and polymeric by-prod¬ 
ucts presumably accounts for the low yield in which 148 was formed. 

Cho and co-workers very recently prepared meta -PAM 150, containing two differ¬ 
ent types of donor groups: OMe and NBu 2 (Scheme 8.36) [52]. The terminal alkyne 
151 was cross-coupled with the requisite diiodobenzene to give 152. Treatment of 
this with TMSA and then base afforded 153, which, when cross-coupled with 152, 
gave the target macrocycle 150 in 15 % yield. A detailed investigation of the photo¬ 
physical properties of 150 revealed that the molecule has a Stokes shift of 3026- 
4152 cm -1 ; the value increases in more polar solvents, which indicates a significant 
change in the charge-transfer state. The two-photon absorption cross-section of 150 
is comparable to that of rhodamine, and so the compound may find application as 
a two-photon absorption chromophore. 
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Me 



146 



Me + 



Me 


Me 



147, 4% 


R = OMe 



149 


148 


Scheme 8.35 Synthesis of PAM 148. Reagents and conditions: (a) Mo(CO) 6 , 4-chlorophenol, 
150°C. 
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Scheme 8.36 Synthesis of PAM 150. Reagents and conditions: (a) 4-butoxy-N,N-dibutyl-3,5- 
diiodoaniline (2 equiv.), [PdCI 2 (PPh 3 ) 2 ], Cul, Et 3 N, THF; (b) i] TMSA, [PdCl 2 (PPh 3 ) 2 ], Cul, Et 3 N, 
THF, ii] 1 M KOH, MeOH, THF; (c) 152, [PdCI 2 (PPh 3 ) 2 ], Cul, Et 3 N. 


An example of a hepta-meta-PAM, compound 154, was prepared by the iterative 
route shown in Scheme 8.32 [43]. Although no X-ray structure of 154 was obtained, 
molecular modeling suggests the molecule has a flexible, non-planar geometry. 
Consequently, tt stacking interactions between the aromatic rings of the compound 
are disfavored. 

Some of the largest meta-PAMs to have been prepared are the branched macro- 
bicyclic arrays 155 and 156 [53] and the macrotricycle 157 [54]. The last compound 
is a freely hinged system with a sizeable (and collapsible) 36 X 12 X 12 A molec¬ 
ular cavity. 









8.3 Phenylacetylene Macrocodes 


333 




f-Bu 


157 
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8.3.3 

Pora-PAMs 

Relatively few examples of all-para-linked phenylacetylene macrocycles are known. 
The belt shaped PAMs 158-161 were prepared from the requisite macrocyclic syn- 
thons 162-165, which were in turn obtained from the McMurray coupling of the 
appropriate stilbene (Scheme 8.37) [55]. Bromination/dehydrobromination of an 
inseparable mixture of 162 and 163 furnished a 4:1 ratio of the belt-shaped, air-sen¬ 
sitive macrocycles 158 and 159 in a combined 85% yield; the compounds were 
separable by gel permeation chromatography. More recently, Oda et al. prepared 
relatively clean samples of synthons 162 and 163, which afford the appropriate 
macrocycles in significantly higher yields and in almost pure forms [56]. The 
belt-shaped macrocycles 160 and 161 were prepared, by the same technique, in 
20 and 4% yields, respectively, from contaminated samples of synthons 164 and 
165 [56]. Attempts to prepare the strained para-tetra(phenylacetylene) macrocycle 
by bromination/dehydrobromination of 166 were unsuccessful [55]. 
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162 (m=3) 


158 (77=1) 

} 85% 

163 (m=5) 


159 (n=3) 

164 (m=4) 


160 (n=2) 

20% 

165 (m=6) 


161 (77=4) 

4% 


166 (m=1) 


Scheme 8.37 Synthesis 
of PAMs 158-161. 
Reagents and conditions: 

(a) Br 2 , CHCI 3 ; 

(b) t-BuOK, THF. 


The carbon nanorings 158 and 159 possess cavities with diameters of 13.2 and 
17.3 A, respectively, and form weak inclusion complexes with toluene and hexa- 
methylbenzene [57]. Oda and his group reported that 158 forms stable 1:1 crystal¬ 
line complexes both with C 60 and with bis(ethoxycarbonyl)methanofullerene [58]. 
An X-ray structure of the methanofullerene ■ 158 complex shows that each mole¬ 
cule of the structure is associated with two solvent molecules. The C 60 cage is 
not embedded deeply in 158 and adopts a bowl-shaped conformation, and the average 
distance between the host and guest is approximately 3.4 A. Attempts to form host- 
guest complexes from the larger phenylacetylene macrocycle 159 and the afore¬ 
mentioned fullerenes were unsuccessful. Interestingly, nanorings 158 and 161 
associate with one another to give “onion-type” complexes [59]. 

Oda and his group very recently prepared the acid- and oxygen-sensitive PAMs 
167 and 168, which can be stored in dilute solution at 0°C over a month [60]. 
These macrocycles were shown to associate with both C so and C 70 and to form 
extremely stable complexes. PAM 167 also associates with other nanorings in an 
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“onion-type” complex, which in turn includes C 60 in the presence of excess fuller- 
ene [59]. Unfortunately, X-ray structures of these complexes have yet to be obtained. 

8.3.4 

Mixed PAMs 

Vollhardt and his group prepared PAM 169, containing both ortho and meta lin¬ 
kages, in 19% yield by alkyne metathesis of a 1:1 mixture of the dipropynylated 
arenes 13 and 170 with the tungsten reagent [(t-BuO) 3 W=Ct-Bu] (Scheme 8.38) 
[16]. An X-ray structure of 169 shows the molecule to be nearly planar with dihe¬ 
dral angles of 7.1° between the planes of the ortho- and meto-fused rings. 



Scheme 8.38 Synthesis of PAM 169. Reagents and conditions: (a) [(t-BuO) 3 W=Ct-Bu], toluene, 
80 °C. 


Tsuji and co-workers prepared the ortho/para -connected PAM 171 in 74% yield 
by photoirradiation of Dewar benzene synthon 172, in turn prepared in six steps 
from 1,2-diiodobenzene (Scheme 8.39) [61]. Conversion of this last compound 
into 173 was accomplished by standard transformations. Protiodesilylation of 
173 and subsequent Pd-catalyzed cross-coupling of the terminal alkyne with 174 
afforded compound 175, which upon deprotection and homocoupling under 
phase-transfer conditions gave 176. Acidic hydrolysis of 176 and subsequent treat¬ 
ment with TIPSOTf furnished PAM 171 in 72% yield. An X-ray structural analysis 
of macrocycle 171 shows the two p-substituted benzene rings to be nearly planar, 
with an interplanar distance of 3.48 A, and tilted by 62.5 and 64.2° with respect to 
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the plane of the macrocycle. As expected, the acetylene moieties are distorted, 
deviating from the normal linear arrangement by 8.6-12°. 



R 



Scheme 8.39 Synthesis of PAM 171. Re¬ 
agents and conditions: (a) TMSA, [Pd(PPh 3 ) 4 ], 
Cul, Et 3 N; (b) 2-methyl-3-butyn-2-ol, 
[Pd(PPh 3 ) 4 ], Cul, Et 3 N; (c) TBAF, THF; (d) 174, 
[Pd(PPh 3 ) 4 ], Cul, Et 3 N; (e) CH 3 N(C 8 H 17 ) 3 CI, 

5 N NaOH, PhH, [Pd(PPh 3 ) 4 ], Cul, 80°C; 

(f) i] 1 N HCI, THF, ii] TIPSOTf, Et 3 N; 

(g) hv, CH 2 CI 2 , 12 °C. 


Using combinations of ortho-, meta-, and para-connected phenylacetylene mono¬ 
mers, Moore and co-workers have prepared a number of macrocyclic geometries 
based on a trigonal lattice [5c, 46a, 62, 63]. PAMs 177-179 represent a few exam¬ 
ples of the many macrocycles prepared to date. Molecular modeling of compound 
177, which contains 12 arene rings, shows that the inner diameter (hydrogen to 
hydrogen) is slightly greater than 22 A [63]. 








Fascinating examples of PAMs containing mixed linkages are the “molecular 
turnstiles” (180-182) prepared by Moore and Bedard [64]. Models of macrocycle 
180 show that the inner ring can rotate freely. Indeed, variable-temperature 
NMR experiments suggest the spindle of the turnstile exhibits dynamic behavior. 
Similarly, the turnstile of 181 rotates freely at ambient temperature and has an es¬ 
timated barrier to spindle rotation of —13.4 kcal mol -1 . In contrast, the more steri- 
cally congested spindle of 182 is conformationally locked and no evidence of 
dynamic behavior was obtained. 










338 


8 Macrocycles Based on Phenylacetylene Scaffolding 



8.4 

Phenyldiacetylene Macrocycles 

In the thirty years following Eglinton’s groundbreaking work on 3, no reports on 
the preparation of related phenyldiacetylene macrocyclic systems were published. 
Since the 1990s, however, the chemistry of PDMs has witnessed an explosive resur¬ 
gence concomitant with the advent of novel synthetic methodology tailored towards 
the construction of carbon-carbon bonds through the use of organotransition metal 
complexes. Although PDMs are typically less thermodynamically stable and more 
reactive than the homologous PAM derivatives, they exhibit a slew of novel electro¬ 
nic and optical properties. As such, they serve as potential synthons for technolo¬ 
gically important compounds such as highly conjugated polymers, nonlinear opti¬ 
cal materials, and new carbon allotropes. 

In the 1970s, diacetylene monomers were found to undergo topochemical poly¬ 
merizations to generate highly ordered crystalline polymers possessing conjugated 
backbones and displaying interesting conductive and optical properties [65]. If this 
reactivity could be extended to include PDM derivatives such as 3, a potential route 
to highly conjugated networks of sp and sp 2 carbon atoms, with potentially inter¬ 
esting properties, could be developed. With this goal in mind, several research 
groups over the last decade have prepared a variety of derivatized PDMs for topo¬ 
chemical investigation. 
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8.4.1 

Ortho-PDMs 

Although the molecular structure of 3 (Scheme 8.1), the first phenyldiacetylene 
macrocycle to be synthesized and characterized [8], was obtained in 1959 [9], it 
took another 40 years before the packing behavior of this highly strained and reac¬ 
tive molecule was established [66]. The flat molecules stack parallel and form col¬ 
umns, with these columns staggered to form a “brick wall” motif. The orientation 
of the molecules within the column, however, precludes a topochemical polymer¬ 
ization. Diffraction experiments with “polymerized” samples showed that the ma¬ 
terial had lost all single-crystalline order. PDM 3 could also be co-crystallized with 
hexafluorobenzene and with TCNQ. 

In 1994, with the goal of polymerization in mind, Swager et al. prepared annu- 
lene 3 and various derivatives for topochemical investigation [10]. In addition to 
diyne 2, the Swager group studied the Cu-mediated cyclooligomerizations of 4,5 - 
disubstituted-l,2-diethynylbenzenes (183). The requisite dialkylbenzenes were pre¬ 
pared in two steps from o-dichlorobenzene (ODCB; Scheme 8.40). The appropriate 
alkyl Grignard salt was cross-coupled with ODCB in the presence of catalytic 
[NiCl 2 (dppp)[ to afford the disubstituted benzene derivative, which was doubly io- 
dinated with I 2 /NaI0 3 in glacial AcOH. Cross-coupling of this arene with TMSA 
under Sonogashira conditions, followed by protiodesilylation with KOH, furnished 
alkylated derivatives of 183 (R = Bu, Hex, Dec, Dod). The l,2-diiodo-4,5-didecoxy- 
benzene was assembled in an analogous manner; however, the cross-coupling re¬ 
action required 2 molar equivalents of Cul to furnish 183 (R = ODec) in a reason¬ 
able yield. Although the exact origin of this effect is unclear, it is possible that the 
lone pairs on the heteroatom act as a Lewis base and form a weakly bound aryl-cop- 
per complex that prevents the Cu-acetylide coupling partner from forming. 


Cl 

Cl 





R=alkoxide 


R=Bu, Hex, Dec, Dod, ODec 


Scheme 8.40 Synthesis of PDMs 184-186. Reagents and conditions: (a) H(CH 2 )„MgBr, 
[NiCI 2 (dppp)], Et 2 0; (b) l 2 , Nal0 3 , H 2 S0 4 , AcOH; (c) TMSA, [PdCI 2 (PPh 3 ) 2 ], Cul, i-Pr 2 NH; (d) aq. 
KOH, THF, MeOH; (e) C 10 H 21 Br, K 2 C0 3 , acetone; (f) Hg(OAc) 2 , l 2 , CH 2 CI 2 , (g) TMSA, 
[PdCI 2 (PPh 3 ) 2 ], xs Cul, i-Pr 2 NH, 70°C; (h) CuCI, TMEDA, 0 2 , ODCB. 
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Cyclooligomerization of arenes 183 under Hay conditions (CuCl, TMEDA, 0 2 ) 
furnished mixtures of dimeric (184), trimeric (185), and tetrameric (186) PDMs 
along with some polymeric material [10]. Purification of the different products 
from the mixture proved laborious and was accomplished only through repetitive 
chromatography and fractional crystallization. The yields of the PDMs were found 
to vary widely and depended upon the length of the hydrocarbon tail, the scale of 
the reaction, and the exact experimental conditions. Thus, while derivatives of 183 
possessing short alkyl and alkoxy groups tended to produce higher yields of larger 
macrocycles and polymeric material, the oligomerization of substrates with larger 
alkyl tails favored dimer formation. Moreover, fast, small-scale reactions were 
found to give the optimal overall yields of macrocyclic products. Overall yields 
and the product ratios of PDMs were also dependent on the order of reagent addi¬ 
tion. As a whole, the above problems illustrate the weakness of the intermolecular 
cyclooligomerization reaction. 

Because of the presumed unusual reactivity of the strained dimers 184, several 
attempts to maximize their formation were made [10]. However, variation of reac¬ 
tion times and reduction of substrate concentrations in the cyclooligomerization 
reactions failed to improve significantly upon dimer formation. Accordingly, the 
tetrahexyl-substituted dimer 5 (Scheme 8.7; 184, R = Hex) was synthesized by a 
six-step stepwise approach via synthons 24 and 25. Ring-closure under Hay condi¬ 
tions furnished dimer 5 and tetramer 7 (186, R = Hex) in 13% and 45% yields, 
respectively. This product distribution is surprising since intramolecular reactions 
are typically more facile than intermolecular reactions. 

An X-ray structural analysis of dimer 184 (R = Bu) reveals similarities to 3, in 
that the unsaturated portion of the molecule is planar, with the angles between ad¬ 
jacent acetylenic bonds deviating from linearity by 13-15°. Since the connection of 
the alkyne moieties to the aromatic rings is only slightly compressed (2-3°), distor¬ 
tion of the acetylenic linkages appears as the major source of instability in these 
macrocycles. Unlike 3, the molecules no longer stack in columns but are offset 
in the crystal lattice because of the hexyl substituents. 

Differential scanning calorimetry (DSC) experiments performed on the various 
dimers 184 show that the molecules thermally polymerize abruptly between 
100-125 °C. While the narrow temperature range for this exothermic process is 
suggestive of a chain reaction, the absence of acetylenic functionalities in the IR 
spectra of the polymerized materials, as well as broad peaks in the X-ray powder 
diffraction and solid-state 13 C NMR data, indicate that highly ordered topochemical 
diacetylene polymers are not formed. DSC analysis of the various trimeric PDMs 
185 is even more disappointing. Although more thermally robust, these macro¬ 
cycles polymerize with very broad exotherms at sufficiently high temperatures 
(ca. 200 °C) yielding only intractable tars. 

To improve understanding of the reactivity of PDMs 184, their chemistry in so¬ 
lution was investigated [10]. Addition of I 2 to an Ar-saturated benzene solution of 
the individual dimeric PDMs afforded compounds 187, containing tetraiodinated 
6-5-6-5-6 fused ring systems, in 50-67% yields (Scheme 8.41). Eglinton reported 
formation of the same pentacyclic architecture on treatment of the parent 3 with 
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Na/NH 3 [8]. Although this reaction presumably occurs through radical inter¬ 
mediates, attempts to trap such species produced only uncharacterizable material. 
Exposure of 187 to oxygen or to iodine in the presence of oxygen gave dione 188. 
Labeling experiments showed that the carbonyl oxygen was incorporated directly 
by oxidation of 187 with molecular oxygen rather than as a result of hydrolysis. 




b 

61% 


Scheme 8.41 Oxidation of 
PDM 184. Reagents and 
conditions: (a) l 2 PhH; (b) l 2 , 
0 2 , PhH; (c) 0 2 ,’ PhH. 



R=Dod 


c 

95% 


Whereas the Hay conditions had failed to yield the parent tetramer 23 in Swa- 
ger’s study, Youngs et al. found that the use of highly dilute Glaser conditions 
with bubbling of air through the pyridine solvent afforded 23 in 20% yield 
along with a high yield of dimeric PDM 3 (Scheme 8.7) [22]. As is often the 
case in Cu-mediated acetylenic homocoupling, the exact reactions conditions 
play an important role and can be the crucial difference between high yield or 
no yield of product. 

The dimeric and trimeric perfluorinated analogues of 3 and 1, PDMs 189 and 190, 
respectively, were recently reported by the Komatsu group [67]. Pd-catalyzed cross¬ 
coupling of TMSA with 1,2-diiodoperfluorobenzene, followed by protiodesilylation 
with KOH, gave 1,2-diethynylperfluorobenzene (Scheme 8.42). Cyclooligomeriza¬ 
tion under Hay conditions afforded the electron-deficient jt-systems 189 and 190 
in 20-45 % and 10-20 % yields, respectively, along with minor amounts of tetramer. 



189 (n = 1,20-40%) 

190 (n = 2, 10-20%) 


Scheme 8.42 Synthesis of PDMs 189 and 190. Reagents and conditions: (a) TMSA, 
[PdCI 2 (PPh 3 ) 2 ], Cul, toluene, /-Pr 2 NH; (b) KOH, H 2 0, MeOH; (c) CuCI, TMEDA, 0 2 . 
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For trans-topochemical polymerization of 1,3-diynes to occur most efficiently, the 
diyne monomers should pack in an offset manner with an intermolecular distance 
d 5 A and a stacking angle 0 45° [65], while for cis polymerization d ^ 3.5 A 

and 0 90° are required [68]. The X-ray data of the crystal derived from 189 in 

chloroform shows the PDM packs in a parallel and slanted arrangement with d 
= 4.99 A and 0 = 39°, while that obtained from benzene solution adopts a similar 
arrangement but the stacks are more slanted (d = 6.35 A and 0 = 26°); additionally, 
189 crystallizes with a solvent molecule in a 1:1 ratio. The co-crystal derived from 
mixing of equimolar amounts of 189 and 3 packs in an unexpected 2:1 ratio in 
which the PDMs alternate in a face-to-face stacking array (d = 3.69-3.87 A and 
0 = 75-78°). While these results show the macrocycles stack in the proper orien¬ 
tation for topochemical polymerizations, attempts to induce polymerization upon 
photoirradiation were unsuccessful. DSC analyses of the PDMs show strong 
exotherms, but analysis of the thermoproducts suggests that they are not topologi¬ 
cal polymers but instead carbon-rich materials such as amorphous carbon and gra¬ 
phite, which have been shown to result from the thermal reactions of other dehy- 
drobenzoannulenes [69, 70]. To date, ordered polymerization of the Eglinton-Gal- 
braith dimer has yet to be observed. Attempts to grow X-ray-quality crystals either 
of 190 or of a co-crystal of 190 and 2 have been unsuccessful. 

Very recently, Faust and Ott reported the synthesis of the Ru(bpy) 2 -coordinated 
PDM 191 by treatment of the tetra-Boc-protected 192 with [(bpy) 2 Ru(phenanthro- 
line-5,6-dione)] 2 + (PF 6 ”) 2 under acidic conditions (Scheme 8.43) [71a]. PDM 192 
was generated through protiodesilylation/homocoupling of tetrayne 193, which 
was assembled in five steps from l,2-diiodo-4,5-dinitrobenzene by conventional 
methodology. Not surprisingly, the outcome of the final Cu-mediated homocou¬ 
pling reaction was concentration-dependant. A 0.4 mM solution of deprotected 
193 furnished dimer 192 exclusively in 72 % yield, while use of a 1.5 mM solution 
of the terminal acetylene gave an inseparable mixture of 192 and tetramer 194 in a 
2:1 ratio [71b]. The redox properties of 191 reveal two reduction waves at values 
comparable to that required for the first reduction of C so . Furthermore, photoirra¬ 
diation of 191 induces luminescence; preliminary measurements indicate that the 
lifetime of the excited state is 28 nm. 

The tr-frameworks of PDMs 192 and 194 are extended further upon treatment of 
a suspension of the annulene mixture and benzil with TFA (Scheme 8.44) [71b]. 
The resultant macrocycles 195 and 196 are obtained as sparingly soluble solids. 
In contrast, repetition of this reaction with l,6-bis(TIPS)-hexa-l,5-diyne-3,4- 
dione affords PDMs 197 and 198, which are readily separable by gel permeation 
chromatography. Unlike in 195/196, the effect of the additional alkyne units in 
197/198 show in the absorption spectra, with a bathochromic shift of ca. 20 nm 
relative to 195/196. 

Anthony and Gallagher have synthesized a series of linearly fused oligomers 
(199-201) based on the Eglinton-Galbraith dimer 3 (Scheme 8.45) [72]. Starting 
with tetrayne 202, partial desilylation with catalytic AgN0 3 and 3 equiv. NBS 
gave a 1:1 mixture of mono- and dibromoacetylides. Exposure of the mixture to So- 
nogashira conditions with 203, followed by removal of the remaining TMS groups 
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BocHN 
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Scheme 8.43 Synthesis of PDMs 192 and 194. Reagents and conditions: (a) TIPSA, 
[PdCI 2 (PPh 3 ) 2 ], Cul, NEt 3 , 80 “C; (b) Sn, HCI, EtOH, 70°C; (c) Boc 2 0, i-Pr 2 NH, THF, A; (d) TBAF, 
THF, 0°C; (e) Cu(OAc) 2 , CuCI, py, MeOH, 60°C; (f) TBAF, THF, rt.; (g) Cu(OAc) 2 , CuCI, py, 
MeOH, 60°C, 0.4 mM; (h) Cu(OAc) 2 , CuCI, py, MeOH, 60°C, 1.5 mM; 

(i) [(bpy) 2 Ru(phenanthroline-5,6-dione)] 2 + (PF 6 ") 2 , TFA, MeCN, 70°C. 


and oxidative alkyne coupling, gave precursors 204-206 as a mixture. Removal of 
the TIPS groups and alkyne homocoupling under Hay conditions furnished the 
brightly colored cyclic oligomers, which were separated by flash chromatography. 
Whereas 199 and 200 are freely soluble and can be stored for weeks, PDM 201 
is only sparingly soluble and decomposes slowly in solution. The electronic absorp¬ 
tion spectra of 199-201 show a progression of the lower-energy absorptions with 
increased oligomer length. An estimated cut-off of the infinite polymer derived 








344 


8 Macrocycles Based on Phenylacetylene Scaffolding 




192 {n=-\) 



Scheme 8.44 Synthesis of 
PDMs 195-198. Reagents 
and conditions: (a) AcOH, 
TFA, 60 °C. 


from this series is 625 nm (1.98 eV), comparable to other linear acetylene-based 
polymers. 

As shown in Scheme 8.8, Vollhardt and Youngs prepared hybrid PAM/PDM 26 
through an intramolecular cyclization [23]. Like 3, the molecule contains highly 
strained acetylene bonds that impart interesting solid-state behavior. As shown 
by X-ray crystallography, the monoacetylene units in 26 bow inward toward the cen¬ 
ter of the macrocycle by 3.9-11.5° while the diacetylene moiety bows outward by 
8.6-11.2°. The molecules are stacked (d = 6.3 A , 6 = 35.5°) in the same slanted 
and parallel fashion as 3, but upon photoirradiation or application of pressure, 
26 polymerizes to form an insoluble violet colored material with a metallic luster. 
Complete polymerization can be achieved through thermal annealing (150 °C by 
DSC) or high pressure (20,000 psi, 1 h). Solid-state 13 C NMR spectroscopy of the 
polymer displays two new peaks at 145.1 and 150.0 ppm, which are assigned to 
the alkene carbons of the polydiacetylene chain. Additional evidence is provided 
by TOF-MS, which detects oligomers containing up to nine macrocyclic units. 
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Scheme 8.45 Synthesis of PDMs 199-201. Reagents and conditions: (a) NBS, AgN0 3 , acetone, 
rt.; (b) 203, [PdCI 2 (PPh 3 ) 2 ], Cul, /-Pr 2 NH, 40°C; (c) K 2 C0 3 , MeOH; (d) CuCI, TMEDA, acetone; 
(e) TBAF, THF, 0°C. 


Despite a number of related studies, the confirmed topochemical polymerization of 
26 remains unique among PDMs. 

An alternate decomposition pathway for dehydrobenzoannulenes and related 
PDMs was reported by the Vollhardt group in 1997 [69]. Treatment of the terminal 
acetylene 36 with Cu(OAc) 2 affords the non-planar dimer 207 in 13% yield along 
with small amounts of trimer 208 (Scheme 8.46). The former PDM decomposes 
explosively at ca. 250 °C to produce a nearly pure carbon residue. Whereas the 
black solid did not contain any soluble carbonaceous material (e. g., fullerenes), 
TEM analysis of the residue showed that “bucky onions" and “bucky tubes” had 
been formed, in addition to amorphous carbon and graphite. Although the amount 
of “bucky” material composed only 1-2 % of the carbonaceous product, subsequent 
studies have shown that inclusion of metal complexes in the phenylacetylene start¬ 
ing materials results in considerably higher conversion to “bucky” compounds [73]. 
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These results clearly validate the argument that PAMs and PDMs represent a 
potential route to such novel carbon-rich materials. 



Scheme 8.46 Synthesis of PDMs 207 and 208. Reagents and conditions: (a) Cu(OAc) 2 - H 2 0, py, 
MeOH, Et 2 0. 


As discussed previously, the Haley group recently synthesized bisPDMs 30 and 
31 from the same precursor (29, Scheme 8.9), with the structure of the final mole¬ 
cule dependent upon the method of alkyne homocoupling [24]. Scheme 8.47 illus¬ 
trates the selectivity for ring size between the Cu- and Pd-mediated reactions. Both 
the 14- and the 15-membered ring precursors (209 and 210, respectively) were pre¬ 
pared by Sonogashira cross-coupling of 28 with the appropriate dibromodiiodoben- 
zene. Protiodesilylation and alkyne homocoupling gave either 211 or 212. While 
Cu-mediated ring-closure of 210 afforded the 15-membered ring (212) in very 
good yield (76-80%), the analogous reaction with substrate 209 afforded the 14- 
membered ring (211) in much lower yield (24-35%). Conversely, Pd-mediated 
ring-closure of 209 furnished PDM 211 in very good (67-76%) yield, while analo¬ 
gous treatment of synthon 210 furnished the PDM 212 in a low (12-24%) yield. 
The authors attribute this difference to the strain in the metal-containing inter¬ 
mediate prior to reductive elimination (alkyne homocoupling). Whereas a cis ar¬ 
rangement of the alkynes in the presumed Pd-bis(o-acetylide) complex would 
favor formation of 211, a similar cis arrangement to afford 212 would be highly 
strained. On the other hand, the Cu-acetylide intermediate leading to 212 should 
prefer a less strained, trans-like arrangement [4]. 

Confirmation that bisPDM 30 was indeed the product of the Cu-mediated cycli- 
zation of 29 was provided by independent synthesis of each 15-membered ring 
[24]. Pd-catalyzed cross-coupling of 212 with 28 furnished intermediate 213 in 
43 % yield (Scheme 8.48). Removal of the TIPS groups with TBAF followed by oxi¬ 
dative cyclization with Cu(OAc) 2 afforded (57 % yield) target molecule 30, the spec¬ 
tral data of which are an identical match with those obtained for the compound 
generated by the route shown in Scheme 8.9. 
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Scheme 8.47 Comparison 
of homocoupling methods 
for PDMs 211 and 212. 
Reagents and conditions: 

(a) 1,2-dibromo-4,5-diiodo- 
benzene or 1,5-dibromo-2,4- 
diiodobenzene, [Pd(PPh 3 ) 4 ], 
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Cul, /-Pr 2 NH, THF, 45 °C; 
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(b) i] TBAF, MeOH, THF, 
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Cu(OAc) 2 

80% 

ii] ‘Cu’, py, 60°C; (c) i] TBAF, 

35% 

CuCI 

76% 

MeOH, THF, ii] ‘Pd’, Cul, l 2 , 
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[PdCI 2 (PPh 3 ) 2 ] 

24% 

/-Pr 2 NH, THF, 50°C. 

76% 

[PdCI 2 (dppe)] 

12% 
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The Rubin group synthesized PDMs 214-216 from 1,2,3,4/5,6-differentially 
terminated hexaethynylbenzene 217 (Scheme 8.49) [74]. Preparation of these 
perethynylated derivatives requires more intricate synthetic maneuvering prior to 
cyclooligomerization. Arene 217 was prepared though a Diels-Alder reaction be¬ 
tween the suitably derivatized tetraalkynylcyclopentadienone 218 and OHCC= 
CCH(OEt) 2 , followed by expulsion of CO to afford arene 219. This compound 
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Scheme 8.48 Stepwise synthesis of BisPDM 30. Reagents and conditions: (a) 28, [Pd(PPh 3 ) 4 ], 
Cul, /-Pr 2 NH, THF, 40°C; (b) TBAF, MeOH, THF; (c) Cu(OAc) 2 , py, 60°C. 


was then converted into 217 via 220 by successive Corey-Fuchs alkynylation reac¬ 
tions. Attempts to introduce the alkynes directly by cycloaddition of 218 with bis- 
silylated hexatriynes were unsuccessful. Calculations suggest that the central triple 
bond in the triynes is sterically inhibited in the transition state by the bulky dieno- 
phile with the large capping groups on the dienone. Cyclooligomerization of 217 
under Hay conditions furnished 214 in an isolated yield of 25 % along with an in¬ 
separable mixture of higher homologues 215 and 216 in a combined 13% yield. 

Compound 215 is a substructure of and potential precursor to the theoretical all- 
carbon-containing network graphdiyne (221), a homologue of graphyne (78) in 
which the acetylene linkages are replaced with butadiyne units. This and other dia- 
cetylenic all-carbon networks have attracted considerable attention due to predic¬ 
tions of technological importance, but have to date remained elusive because of 
synthetic difficulties [75]. PDM 215 can be viewed as a molecular fragment of 
graphdiyne featuring a fringe of tert- butyl-capped acetylene moieties around the 
periphery. This feature not only increases the potential for nonlinear optical activity 
by extending electron conjugation, but it also serves to stabilize the characteristi¬ 
cally reactive dimer 214. The difficulty of preparing the differentially terminated 
hexaethynylbenzenes limits this route to the above examples. 
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Scheme 8.49 Synthesis of PDMs 214-216. Reagents and conditions: (a) OHCC=CCH(OEt) 2 , 
PhH; (b) CBr 4 , PPh 3 , CH 2 CI 2 ; (c) Si0 2 ; (d) i] LDA, THF, ii] aq. NH 4 CI; (e) CuCI, TMEDA, 0 2 , 
acetone. 



Surprisingly, the synthesis of the simplest graphdiyne subunit, PDM 1, was not 
reported until 1997 [76]. The Haley group prepared 1 by an intramolecular route, 
since cyclooligomerization of o-diethynylbenzene had purportedly failed to afford 
the desired macrocycle. Conversion of l-bromo-2-iodobenzene into triyne 222 
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was accomplished by standard cross-coupling procedures (Scheme 8.50), but at¬ 
tempts to monodeprotect 222 and to couple it with 1,2-diiodobenzene provided in¬ 
tractable gums. This problem was circumvented by generation of the free buta- 
diyne in situ under Sonogashira conditions, which then provided the bis-coupled 
product 223 in 71 % yield. Desilylation and use of high-dilution conditions in 
the oxidative homocoupling reaction gave 1 in 35 % yield as a poorly soluble, 
cream-colored powder. The poor isolated yield of PDM 1 is presumably accounted 
for by its minimal solubility, but this provided an important clue as to why it had 
not yet been reported. To manipulate 1 best, it is necessary to work up the homo¬ 
coupling reactions with CH 2 C1 2 instead of the more traditional Et 2 0. Armed with 
this fact, repetition of Scheme 8.1 with this subtle modification now afforded a 
58 % yield of 3 and an inseparable 3:2 mixture of PDMs 1 and 23 in 20 % yield [77]. 



Scheme 8.50 

Stepwise synthesis of 
PDM 1. Reagents and 
conditions: 

(a) TMSC=CC=CH, 
[PdCI 2 (PPh 3 ) 2 ], Cul, EtjN; 

(b) TIPSA, [PdCI 2 (PPh 3 ) 2 ], 
Cul, Et 3 N; 

(c) o-diiodobenzene, 
[Pd(PPh 3 ) 4 ], Cul, Et 3 N, 
THF, aq. KOH; 

(d) TBAF, THF, EtOH; 

(e) Cu(OAc ) 2 ■ H 2 0, py, 
MeOH. 


A number of larger graphdiyne substructures (224-228) have been prepared 
from appropriately derivatized substrates by the intramolecular cyclization tech¬ 
nique [77, 78]. The need for solubilizing substituents was recognized from the out¬ 
set, and Scheme 8.51 illustrates the preparation of 225. Triazene 229, prepared 
from the corresponding aniline by the chemistry described in Scheme 8.23, 
could be transformed into triyne 230 in 60-75 % yield. Fourfold in situ desilyla- 
tion/alkynylation of 230 gave dodecayne 231 in ca. 60-70% yield. Subsequent re¬ 
moval of the four TIPS groups with TBAF followed by double intramolecular 
homocoupling furnished 225. Whereas the use of tert -butyl groups afforded a 
solid virtually insoluble in common solvents, inclusion of decyl substituents solu¬ 
bilized 225 effectively, in that the compound was isolated in 63 % yield. The decyl 
versions of 224 and 226-228 were prepared in an analogous fashion. 

The electronic absorption data for 1 and 224-228 each exhibit a characteristic 
pattern of four absorption bands, which are assigned primarily to tt —> ji* transi- 
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tions in the [18]annulene skeleton. These peaks shift to longer wavelengths and 
possess greater intensities as the number of longer l,4-bis(phenylbutadiynyl)ben- 
zene chromophores is increased. The peaks of trisPDM 228 are shifted nearly 
100 nm toward lower energy than those of 1, reflecting the increased linear 7i-con- 
jugation. Interestingly, the A max values of 1 and 224-228 all show the effect of lock¬ 
ing the rt-electron-rich backbone into planarity. This effect is most pronounced in 
228, in which A max is red-shifted by nearly 60 nm relative to its acyclic precursor. 

Although the size of graphdiyne subunits is limited by solubility constraints, 
major advances towards the synthesis of “supersize” substructures such as 232 
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TIPS Scheme 8.51 Synthesis of PDM 225. 

Reagents and conditions: 

(a) TIPSA, [PdCI 2 (PPh 3 ) 2 ], Cul, Et 3 N; 

(b) Mel, 125 °C; 

(c) TMSC=CC=CH, [PdCI 2 (PPh 3 ) 2 ], Cul, Et 3 N; 

(d) 1,2,4,5-tetraiodobenzene, aq. KOH, 
[Pd(PPh 3 ) 4 ] Cul, Et 3 N, THF; 

(e) TBAF, MeOH, THF; 

h) (f) Cu(OAc) 2 , CuCI, py. 


e,f 


225 
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231 

(R=f-Bu, Dec, 3,5-(f-Bu) 2 Ph) 


and 233 have been made in the Haley laboratories [79]. Triazene 234, which per¬ 
mits the introduction of three different alkynylated groups, is converted into the 
asymmetric coupling unit 235 by standard techniques (Scheme 8.52). Protiodesily- 
lation and Pd-mediated cross-coupling of the last compound with appropriately 
substituted benzene derivatives affords the corresponding macrocyclic precursors. 
Attempts to deprotect and cyclize those substrates containing decyl functionaliza¬ 
tion were unsuccessful, presumably because of the extreme insolubility of the re¬ 
sulting macrocycles. Whereas tetraether functionalization imparted greater solubi¬ 
lity to the precursors, this route was abandoned because of the need for tedious and 
repeated chromatographic separations. Gratifyingly, the 3,5-di(tert-butyl)phenyl 
unit imparts excellent solubilizing characteristics; repetition of the chemistry 
shown in Scheme 8.51, for example, yielded the 3,5-di(tert-butyl)phenyl version 
of 225, which is 10-15 times more soluble in halocarbon solvents than the cor¬ 
responding decylated PDM. Use of a combination of decyl tails and 3,5-(tert-butyl) 
phenyl substituents furnished tricyclic PAM 232 (R 1 = 3,5-t-Bu 2 Ph, R 2 = Dec) in 
approximately 8% yield from 235. Preparation of the 3,5-di(tert-butyl)phenyl-func- 
tionalized hexaPDM 233 is currently underway. 

Through the use of synthetic techniques similar to those described in 
Schemes 8.50 and 8.51, a wide variety of ortho-PDMs can be assembled quickly 
from common intermediates [70]. The key to these successes is efficient construe- 
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tion of the PDM carbon skeleton by the use of phenylbutadiynes generated in situ. 
The resultant polyyne can then be homocoupled under pseudo-high-dilution con¬ 
ditions to afford a single product. Among the structures created are PDMs either 
unavailable by traditional routes (236-238) or obtainable only in low yield (7, 207). 
Thanks to the nonplanarity and/or lower symmetry of the PDMs, inclusion of 
solubilizing groups is not needed. 
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The advent of rational synthetic techniques for PDM assembly (vide supra) now 
makes site-specific placement of functional groups on the arene rings possible and 
thus allows access to PDM topologies that would otherwise be difficult to prepare 
by cyclooligomerization of functionalized 1,2-diethynylbenzenes. Structures 239- 
248 illustrate some of the various symmetries prepared and substituents utilized 
to date [80-82]. A representative synthesis, that of the C s -symmetric PDM 248, is 
shown in Scheme 8.53. Electron-donor and -acceptor groups can be introduced 
at a number of positions during the initial stages of PDM assembly, either as triyne 
“legs” (e. g., 249-250) or as diiodoarene “heads” (e. g., 251). In the case of 251, se¬ 
lective cross-coupling reactions provided the desired hexayne precursor 253. Desi- 
lylation and homocoupling furnished 248 in a remarkable 52 % overall yield for the 





[PdCI 2 (PPh 3 ) 2 ], Cul, Et 3 N; 253 

(b) TBAF, MeOH, THF; 

(c) Cu(OAc) 2 , CuCI, py. 


NBu 2 


b,c 

84% 


N0 2 



248 
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246 


247 


four steps. More importantly, the molecule was the sole product of the cyclization 
reaction, making isolation/purification of the PDM trivial. 

The extreme polarizability of the above donor/acceptor PDM derivatives results 
in novel UV/Vis absorption properties. The electronic spectra display the four char¬ 
acteristic absorbances typical for [18]annulenes, but these are weakened, and the 
low-energy bands are extended and broadened greatly. These shifts are maximized 
when opposing groups are positioned at each end of the macrocyclic framework, 
such as in 248, which can be attributed to the increased polarization of the conju¬ 
gated backbone [80]. The high polarization makes the donor/acceptor PDMs excel¬ 
lent candidates for nonlinear optical materials. By strategic placing of functional 
groups on the periphery of the macrocycle the physical properties of the material 
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can be tuned. Furthermore, since these systems are also locked into planarity, the 
NLO efficiency is increased further, due to enhancement of n-conjugation and 
communication between chromophores. The /? values for PDMs 1, 239, 242, 
243, 245, and 248 have been measured by the hyper Raleigh scattering technique 
and were found to be two to three times greater than that of the standard 4-di- 
methylamino-4'-nitrostilbene reference chromophore [81]. 

8.4.2 

Meta -PD Ms 

The first examples of PDMs based on meta linkages were reported by Tobe and co¬ 
workers in 1996 [83]. The diacetylenic homologues of Moore’s meta-PAM deriva¬ 
tives, the PDMs were also expected to self-associate in solution in a manner analo¬ 
gous to Moore’s meta-PAMs [47], and so their solution-phase self-association prop¬ 
erties were studied. The attractive force at work, tt-ti stacking of aromatic moieties, 
plays an important role in supramolecular chemistry. As examples, the existence of 
stable DNA double helices is dependant upon the weak associative forces between 
vertically stacked adjacent base pairs, while the packing orientation of aromatic mo¬ 
lecules in the solid state is also determined by 7T-stacking. Consequently, under¬ 
standing of the structural characteristics that contribute to the ability of a molecule 
to engage in this type of behavior has important real-world implications. 


R 



254 n — 0 a! R — C0 2 CgH-|7 

255 n = 1 b: R = C0 2 C 16 H 3 3 

256 n = 2 c: R = C0 2 (CH2CH 2 0)3CH3 
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With this as a goal, the Tobe group prepared meta -PDMs 254-256 with three dif¬ 
ferent ester linkages (Scheme 8.54) [83]. Sequential Sonogashira reactions with the 
benzoate ester 257 afforded the differentially protected monomer 258. Treatment of 
258 with LiOH removed the TMS group and hydrolyzed the ester. The resultant 
acid was re-esterified with DCC and the appropriate alcohol, yielding 259, which 
was then oxidatively dimerized to furnish 260. Initial attempts at PDM formation 
focused on intermolecular oxidative coupling of the desilylated dimer 261b, but 
cyclization with Cu(OAc) 2 provided very low yields of 254b (10%) and 256b 
(2 %) and none of 255b [83a]. It was thus necessary to prepare 254-256 by stepwise 


Et0 2 C 


Br 



257 


a,b 


TIPS TIPS 



259c, 76% 


a! R — C 02 C 8 H 17 

b: R = CO 2 C 10 H 33 

c: R = C 0 2 (CH 2 CH 2 0 ) 3 CH 3 


TIPS 




g 254b, 10% 
256b, 2% 


260a, 89% 
260b, 96% 
260c, 92% 


262a, 50% 
262b, 40% 
262c, 46% 


261a, 39% 
261b, 22 % 
261c, 24% 


254a, 42% 
254c, 37% 
256a, 9% 
256c, 12% 



263a, 87% 
263c, 94% 


264a, 97% 
264b, 90% 
246c, 75% 


265a, 38% 
265b, 44% 
265c, 31% 


255a, 26% 
255b, 15% 
255c, 56% 


Scheme 8.54 Synthesis of PDMs 254-256. Reagents and conditions: (a) TIPSA, 

[Pd 2 (dba) 3 • CHCf], PPh 3 , Cul, NEt 3 ; (b) TMSA, [Pd 2 (dba) 3 ■ CHCI 3 ], PPh 3 , Cul, NEt 3 ; (c) KOH, 
THF, H 2 0; (d) R’OH, DCC, DMAP, DCE; (e) Cu(OAc) 2 , py; (f) TBAF, THF, H 2 0; (g) Cu(OAc) 2 , py, 
PhH; (h) CuCI, TMEDA, acetone, 0 2 ; (i) TBAF, THF; (j) NBS, AgN0 3 , acetone; 

(k) [Pd 2 (dba) 3 -CHCI 3 ], Cul, /-Pr 2 NH, PhH. 
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assembly of the open-chain oligomers and subsequent intramolecular cyclization. 
Partial deprotection of 260 gave 262 as the major product, along with 261 and un¬ 
reacted starting material. Homocoupling of 262 furnished the tetramer 263, which 
was then deprotected and cyclized to give 254a/c and 256a/c in combined yields 
considerably higher (ca. 50%) than had been obtained in the intermolecular 
method (12%). Conversion of 262 to bromoalkyne 264 and cross-coupling to 
give 261 provided the open-chain hexamer 265. Deprotection and cyclization as 
before gave 255a-c. 

The self-aggregation behavior of the PDMs was investigated by *H NMR spectro¬ 
scopy and by vapor pressure osmometry. In CDC1 3 solution at 303 K the binding 
constants, FC assoc , for 254a-c, 255c, and 256a were found to range from approxi¬ 
mately 20-43 m -1 , while the fC assoc values of the hexamers 255a and 255b were cal¬ 
culated as 173 and 150 m -1 , respectively. In more polar solvents, association of 
meta-PDMs is enhanced through solvophobic effects. In fact, evidence suggests 
that large, nanotubular aggregates of PDMs 254c and 255c are formed. Surpris¬ 
ingly, the meto-PDMs aggregate more strongly in aromatic solvents than in 
CDC1 3 , though the reason for this is not fully understood. Overall, the study con¬ 
cludes that PDMs promote jt-jt stacking interactions effectively due to the esters’ 
electron-withdrawing nature. Furthermore, self-association properties are con¬ 
trolled by the size of the PDM, and the cyclic hexamers, with their rigid, planar 
backbones, associate to the greatest extent. The PDMs in fact aggregate more read¬ 
ily than the corresponding PAMs, which is attributed to withdrawal of electron 
density from the aromatic rings by the butadiyne linkages, thus facilitating 7T-7T 
stacking interactions. 

PDMs 266 and 267, in which tert -butyl groups have replaced the ester moieties, 
have also been prepared by Tobe’s group (Scheme 8.55) [83a, 84]. The two macro¬ 
cycles were synthesized analogously to those in Scheme 8.54. As before, intermo¬ 
lecular cyclization of the dimer 268 afforded the PDMs in much lower combined 
yield than intramolecular cyclization of tetramer 269. Both the Hay and Breslow 
cyclization conditions were also attempted, but PDM yields were lower with the for¬ 
mer method and no PDMs were isolated by use of the latter procedure. Unlike the 
ester-substituted systems, PDMs 266 and 267 exhibit no self-association behavior in 
solution. 

In 1998 Tobe et al. reported the synthesis of 270, containing interior binding 
cyano groups [85]. PDM 270 was constructed by the same stepwise methodology 
as depicted in Scheme 8.54, the sole change being the inclusion of a cyano 
group on the benzoate ester. Unlike 255b, 270 does not aggregate at all. The 
lack of self-association of this compound is most probably due to the electrostatic 
repulsion of the cyano groups. Surprisingly, upon mixing of 255b and 270 in 
CDCI 3 , aggregation does indeed occur but is considerably more complex, as 
255b interacts with 270 to form a heterodimer and also higher oligomeric aggre¬ 
gates. Thus, while the cyano groups of 270 inhibit self-association, the electron- 
withdrawing groups enhance attractive tt-tt stacking interactions with 255b. In ad¬ 
dition to this unusual aggregation behavior, PDM 270 forms 1:1 and 2:1 host/guest 
complexes with both tropylium and guanidinium cations. 



f-Bu 


8.4 Phenyldiacetylene Macrocycles 359 



CO2CPH-17 



270 













360 | 8 Macrocycles Based on Phenylacetylene Scaffolding 

Mayor and Lehn created a series of phenylthio-linked tetrameric (271), hexameric 
(272), octameric (273), and decameric (274) meto-PDMs in order to observe the 
electrochemical properties of the PDM-based “molecular batteries” (Scheme 8.56) 
[86]. Reduction of the cyano moieties of isophthalonitrile 275 and subsequent four¬ 
fold nucleophilic aromatic substitution with p-tert-butylthiophenyl anion furnished 
sulfide 276. Corey-Fuchs allcynylation of 276 and anion quenching with TBDMSC1 
gave monomer 277. Partial deprotection with TBAF, followed by oxidative homo¬ 
coupling, provided dimer 278, which upon full deprotection and Cu-mediated cy- 
clization afforded the PDMs 271-274 in 41 % combined yield. Somewhat surpris¬ 
ingly, the intramolecular cyclization of desilylated 279, again prepared by partial 
deprotection followed by oxidative homocoupling, gave the tetrameric PDM 271 
in a low 14% yield. 


R R R R 



Cyclic voltammetry measurements of the sulfur-containing PDMs show no oxi¬ 
dation peaks up to -1.3 V, but several reversible reduction waves are observed for 
271 (-1.07, -1.19, -1.44 V) and 272 (-1.09, -1.29, -1.40 V), while 273 displays one 
broad peak (-1.09 V) and a large shoulder toward more negative values, presum¬ 
ably arising from unresolved reduction waves. The multiple reversible reductions 
of these compounds point to the potential of these macrocycles to act as “electron 
reservoirs”, which makes them potential candidates for “molecular batteries”. 
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272 17% 

273, 12% 

274, 2% 


Scheme 8.56 Synthesis of PDMs 271-274. Reagents and conditions: (a) DlBAL, toluene; (b) DMI, 
NaSR; (c) CBr 4 , PPh 3 , CH 2 CI 2 ; (d) i] LDA, THF, -78°C, ii] TBDMSCI; (e) THF, AcOH, TBAF; 

(f) Cu(OAc) 2 ■ H 2 0, CHCIj, 60°C; (g) THF, TBAF; (h) 2 X 1(T 4 m in CHCI 3 , 5.5 equiv. 

Cu(OAc ) 2 • H 2 0, CHCI 3 , 60 °C. 


8.4.3 

Poro-PDMs 

The sole para-linked PDM reported in the literature to date is the belt-shaped 
macrocycle 280, available in six steps from substrate 174 (Scheme 8.57) [87]. Con¬ 
version of 174 into the differently protected diacetylene 281 was accomplished by 
standard Pd-catalyzed cross-coupling techniques. In situ removal of the TMS moi¬ 
ety and successive homocoupling of the free alkyne afforded tetrayne 282 in 85 % 
yield. Treatment of the tetrayne with TBAF and then Cu(OAc) 2 /CuC1 afforded the 
hexamer 283, which, upon acidic hydrolysis/silylation and subsequent photoirra¬ 
diation, furnished 280 as an air-sensitive solid that decomposed gradually over sev¬ 
eral days under ambient conditions. Molecular modeling studies suggest that 280 
adopts a cylindrical conformation and that the acetylene moieties deviate from lin¬ 
earity by 8.8-9.2°. Moreover, rotation of the phenyl rings at 25 °C is rapid, as evi¬ 
denced by the proton and carbon NMR spectra, which display only four and nine 
lines, respectively. 
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Scheme 8.57 Synthesis of PDM 280. Reagents and conditions: 

(a) TMSA, [Pd(PPh 3 ) 4 ], Cul, Et 3 N; (b) TIPSA, [Pd(PPh 3 ) 4 ], Cul, Et 3 N; (c) Cu(OAc) 2 , CuCI, py, rt.; 
(d) TBAF, THF; (e) Cu(OAc) 2 , CuCI, py, 60°C; (f) i] 1 N HCI, THF, ii] TBDMSOTf, Et 3 N; 

(g) hv, PhH, 12 °C. 


8.4.4 

Mixed PDMs 

The shape-persistent, structurally well-defined natures of macrocycles based on 
phenyl and acetylene building blocks makes them ideal candidates for binding 
guests within their cavities. Although this review illustrates a few salient examples 
of large, shape-persistent macrocycles and their host-guest chemistry, the reader is 
referred to Chapter 10 by Hoger for a more detailed discussion of this topic [88]. 

In 1995, Hoger and Enlcelmann constructed the meta/para-PAM/PDM hybrid 
284 with hydrophobic/hydrophilic functionality specifically for use in host-guest 
chemistry (Scheme 8.58) [89]. The macrocycle was assembled in a straightforward 
manner from arene 285 by standard alkyne cross-coupling/deprotection chemistry. 
Cyclodimerization of 286 and hydrolysis of the THP ethers gave 284 in 45 % yield 
for the last two steps. 
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Scheme 8.58 Synthesis of PDM 284. Reagents and conditions: (a) CuCI, CuCI 2 , py; (b) CH 2 CI 2 , 
MeOH, H + . 


X-ray structural analysis of 284 shows the macrocycle to be nonplanar, with a tor¬ 
sion angle of 6.7° about the diyne units. The interior cavity is approximately 2.0 X 
2.4 nm and is occupied by the lipophilic propoxy groups. Furthermore, the macro¬ 
cycle co-crystallizes with four molecules of pyridine, which form hydrogen bonds 
to the phenolic hydroxy groups on the exterior of the ring. Solution studies of 
284 NMR) suggest that the compound exhibits dynamic behavior and rapidly 
interconverts between several different conformations, although the authors were 
unable to ascertain whether the hydroxy groups were inside or outside the macro¬ 
cycle. The use of guest molecules of a suitable size, such as tetraamine 287, results 
in reversal of the binding topology in 284 [90]. In fact, guest 287 fits extremely well 
in the cavity of the PDM, so that hydrogen bonding now occurs exclusively in the 
interior of the macrocycle (K assoc = 160 m _1 ). 



287 
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The cyclization of 286 was found to be the lowest-yielding step in the synthesis of 
the macrocyclic amphiphile 284, and Hoger and co-workers investigated two stra¬ 
tegies to overcome this problem. The simpler of the two was a study of the effect of 
temperature and structure on the cyclooligomerization reaction [91]. Temperatures 
of ca. 60 °C were found to be optimum for product formation when CuCl/CuCl 2 in 
pyridine was used to promote the cyclization. The structures of the cyclization pre¬ 
cursors were found to be equally important. The presence of groups that could pos¬ 
sibly be templated by the Cu salts markedly increased yields. 

A more ingenious method for cyclooligomerization utilized covalently bound tem¬ 
plates to direct the cyclization reaction [92]. Condensation of 288 with 1,3,5-benze- 
netricarboxylic acid gave the templated ester 289 (Scheme 8.58). With the interior 
ester functionality binding the tetrayne moieties together, the terminal alkynes were 
then homocoupled, and the template was subsequently hydrolyzed to furnish PDM 
290 in an excellent 89 % yield. This is a significant improvement over the non-tem- 
plated pathway, which afforded 290 in ca. 20 % yield along with a number of inse¬ 
parable cyclooligomeric byproducts. Use of a longer hydroxyundecyl tether in place 
of the 3 -hydroxypropyl group furnished the target macrocycle in 84 % isolated yield, 
which suggests that, as long as the geometry is preorganized, proximal spatial 
constraint is not necessary for the high-yielding cyclization to occur [92a]. 



Scheme 8.59 Synthesis of PDM 290. Reagents and conditions: (a) 1,3,5-benzenetricarboxylic 
acid, DEAD, PPh 3 , THF; (b) CuCI, CuCI 2 , py; (c) CH 2 CI 2 , MeOH, H + . 
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The use of “outside” templates affords PDMs in comparable impressive yields 
[92b]. Cu-mediated ring-closure of substrate 291, for example, furnished PDM 
292 in an impressive 86% yield (Scheme 8.60). Subsequent experiments showed 
that tether length played an important role in the product yield in the “outside” 
case. If it is assumed that cyclization is a stepwise process, use of a short tether 
should promote the first dimerization but sterically prohibit the second. Indeed, 
shortening of the tether of the acyclic precursor by 10 carbon atoms reduced the 
yield of PDM by 15 %. Overall, the utilization of templates has proven to be a 
very powerful method in PAM/PDM synthesis and is only limited by the template 
introduction/removal. For further discussion of larger, shape-persistent, mixed 
PDMs, please refer to Chapter 10 by Hoger [88]. 



Scheme 8.60 Synthesis of PDM 292. Reagents and conditions: (a) CuCI, CuCI 2 , py. 
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A number of considerably simple mixed PDM derivatives have been prepared by 
Fallis and co-workers. Although originally seeking collapsible helical structures, the 
Canadian team made some interesting discoveries during their PDM studies. As an 
example, it was hoped that cyclization of 294, prepared from 293 by sequential 
Suzuki coupling with 1,4-dibromobenzene and desilylation, might generate the 
intermolecular dimer 29S, but it instead furnished the intramolecular product 
296 in 90 % yield (Scheme 8.61) [93]. If the Eglinton coupling reaction was performed 
at room temperature for 3 days instead of at 90 °C for 3 hours, 295 could be isolated in 
ca. 20-25% yield along with ca. 45-55% of 296. An X-ray crystal structure of a 
derivative of 296 shows that the carbon backbone is highly strained, with the triple 
bonds distorted from linearity by about 16°. The terphenyl unit is also perturbed, 
deviating from planarity by ca. 18°. An X-ray structure of 295 shows that the molecule 
twists and collapses to give a saddle-like structure, as similarly observed in other 
PAMs and PDMs with four ortho-benzo-fused vertices (e. g., 10, 23, 207, 237). 



Scheme 8.61 

Synthesis of PDMs 295 
and 296. Reagents and 
conditions: 

(a) i] BuLi, THF, -78°C, 

ii] ZnBr 2 , THF, 0°C, 

iii] 1,4-dibromobenzene, 
[Pd(PPh 3 ) 4 ], reflux; 

(b) K 2 C0 3 , THF, MeOH, 
H 2 0; (c) Cu(OAc) 2 , py, 
Et 2 0. 


Insertion of two acetylene units into the terphenyl moiety of 294 results in a dif¬ 
ferent outcome of the cyclodimerization reaction (Scheme 8.62) [94]. Unlike those 
in 294, the terminal acetylenes in 297 are too far apart to undergo intramolecular 
homocoupling, so dimer 298 is isolated as the sole product. Like 295, PDM 298 
adopts a twisted helical geometry. 

It was hoped that modification of the PDM cores of 295 and 298 with long-chain 
groups might produce liquid crystalline materials [94], so compounds 299-301 
were prepared by chemistry analogous to that shown in Scheme 8.61 and 8.62. 
As before, 299 and 300 were both produced by Cu-mediated homocoupling, 
whereas 301 was the sole cyclization product. The formation of 300 and 301 was 
more complex as both compounds were produced as racemic mixtures of two dif- 
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297 


c 

21 % 



Scheme 8.62 Synthesis of PDM 298. 

Reagents and conditions: 

(a) i] BuLi, THF, -78°C, ii] ZnBr 2 , THF, 0°C, iii] 1,4- 
bis(bromoethynyl)benzene, [Pd(PPh 3 ) 4 ], reflux; 

(b) K 2 C0 3 , THF, MeOH, H 2 0; 

(c) Cu(OAc) 2 , py, Et 2 0. 


ferent regioisomers. Of the whole series of PDMs, only one regioisomer of 301b 
exhibited evidence of potential liquid crystalline behavior. Definitive proof will re¬ 
quire the synthesis of an enantiomerically pure product, which is not possible by 
the cyclooligomerization route. 



a: R=Me 
b: R=C0 2 Me 


299 



300 


301 


Expanding on their previous work, the Fallis group constructed PDM 302, con¬ 
taining ortho and meta linkages in the 60-carbon core [95]. Compound 302 was pre¬ 
pared in 15 % yield through in situ desilylation/dimerization of 303, which was in 
turn obtained though a modified Cadiot-Chodkiewicz reaction between 1,3-bis- 
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(bromoethynyl)benzene and terminal acetylene 28 (Scheme 8.63). The flat cyclic 
representation of PDM 302 does not accurately depict its actual conformation. 
Computer modeling indicates that two different conformers are possible: the 
“bow-tie” macrocycle 302a and the “butterfly” 302b. The two isomers of 302 
were produced by the cyclodimerization reaction in a 3:1 ratio and were separable 
by semipreparative HPLC. The major isomer, which according to its NMR data has 
higher symmetry than the minor isomer, is consistent with the “bow-tie” 302a. 
Attempts to interconvert the two atropisomers at 100 °C were unsuccessful, 
which suggests the compounds are conformationally and configurationally stable 
and must have a high barrier to interconversion. 





NBu 2 


NBu 2 



Scheme 8.63 Synthesis of PDM 302. Reagents and conditions: (a) 1 ,4-bis(bromoethynyl)ben- 
zene, [Pd 2 (dba) 3 ], Cul, 1,2,2,6,6-pentamethylpiperidine, THF; (b) TBAF, Cu(OAc) 2 , py, Et 2 0. 
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Tsuji and co-workers have reported the synthesis of the meta/para-linked PDM 

304 by photoirradiation of the Dewar benzene 305 [61] (Scheme 8.64). Compound 

305 was prepared in five steps from the readily available diyne 306. An X-ray struc¬ 
ture of 304 shows the molecule to be nearly planar and two of the silane moieties 
residing within the sizeable molecular cavity (7.3 X 11.5 A). The acetylene moieties 
deviate from linearity by 0.1-11.3°. The proton NMR spectrum reveals that the 
methylene protons are enantiotropic, which suggests that, in solution, the phenyl 
rings must rotate rapidly between rotamers 304a and 304b. 



305 R = CH 2 OTBDMS 304a 304b 


Scheme 8.64 Synthesis of PDM 304. Reagents and conditions: (a) 1 N KOH, MeOH; (b) 174, 
[Pd(PPh 3 ) 4 ], Cul, NEt 3 ; (c) TBAF, THF; (d) Cu(OAc) 2 , CuCI, py, 60°C, (e) i] 1 N HCI, THF, 
ii] TBDMSOTf, NEt 3 ; (f) hv, CH 2 CI 2 , 12°C. 
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The assembly of two unusual PDM-fused PDMs is depicted in Scheme 8.65 [96]. 
Both 307 and 308 were prepared from iodoarene 309, synthesized in turn from the 
corresponding aniline in four steps by the chemistry shown in Scheme 8.23. Instal¬ 
lation of the terminal alkyne by Stille reaction, followed by either cross-coupling or 
homocoupling, gave polyynes 310 and 311, respectively. Desilylation of 310 and Pd- 
catalyzed homocoupling furnished PDM 307, the first member of a previously un¬ 
attainable class of Ti-extended fenestranes. The molecule exhibits remarkable stabi¬ 
lity and solubility, the latter due to a slight bowl shape (as predicted by calcula¬ 
tions). Alternatively, desilylation of 311 and Cu-mediated homocoupling furnished 
PDM 308. Interestingly, intramolecular homocoupling orients the molecule in 
such a way that intermolecular homocoupling now occurs. Whereas the protons 
on the outer phenyls of 307 show a slight shielding (5 7.06, 7.03) due to the 
bent alkynes, the analogous protons on 308 exhibit a much more significant up- 
field shift (5 6.94, 6.74) due to the bent alkynes together with the antiaromatic 
ring current of the two fused [12]annulenes. 

Attempts to prepare three-dimensional PDM structures have met with varied 
success. As illustrated in Schemes 8.61-8.63, the distance between the terminal 
acetylenes in the homocoupling reaction can be used as a qualitative measure as 
to whether the reaction yields intra- or intermolecularly coupled products, or 
both. For example, the distance between the terminal acetylenes in 312 is less 
than 4.3 A, and homocoupling thus yields highly strained 313 instead of 314 
(Scheme 8.66) [97]. 

Expansion of the meta -terphenyl core with acetylene linkages, while increasing 
the spacing between the terminal acetylenes to 5.1 A, is still insufficient for inter¬ 
molecular reactivity. Tobe et al. discovered that tetrayne 315, a simplified model for 
a 3D C 48 precursor, furnishes intramolecular PDM 316, analogously to reactivity 
shown by the precursor (Scheme 8.67) [98]. 

The next higher homologue, in which diyne linkages connect the benzenes, was 
reported by Rubin in 1997 [99]. Once desilylated, the terminal acetylene carbons in 
317 are over 10 A apart, and so only the intermolecular PDM 318 was formed in 
the homocoupling reaction (Scheme 8.68). It was hoped that the molecule would 
“zip-up” to afford fullerene derivatives, but neither 318 nor its ethylenic analogue 
(benzene replaced by ethene) [100] possessed significant propensity to lose hydro¬ 
gen and, as such, fullerenes were not obtained. 




12% d,f 




Dec 


Dec 


Scheme 8.65 Synthesis of PDMs 307 and 308. Reagents and conditions: (a) Bu 3 SnC=CH, 
[Pd(PPh 3 ) 4 ], THF, reflux; (b) 1,2,4,5-tetraiodobenzene, [Pd(PPh 3 ) 4 ], Cul, /-Pr 2 NH, THF, reflux; 

(c) [PdCI 2 (PPh 3 ) 2 ], Cul, l 2 , /-Pr 2 NH, THF; (d) TBAF, THF; (e) [PdCI 2 (dppe)], [PdCI 2 (PPh 3 ) 2 ], Cul, l 2 , 
/-Pr 2 NH, THF, 50°C; (f) Cu(OAc) 2 , CuCI, py, 50°C. 
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f-Bu f-Bu 




Scheme 8.67 Synthesis of PDM 316. Reagents and conditions: (a) K 2 C0 3 , THF, MeOH; 
(b) Cu(OAc) 2 , py, toluene. 



Scheme 8.68 Synthesis of PDM 318. Reagents and conditions: (a)TBAF, THF; (b) CuCl,TMEDA, 
0 2 , ODCB. 
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8.5 

Phenyltriacetylene Macrocycles 

Very recently, the Tobe group synthesized the simplest phenyltriacetylene macro¬ 
cycles (PTrMs): 319 and 320 (Scheme 8.69) [101]. The two macrocycles were 
formed by loss of indan upon irradiation of precursors 321 and 322, respectively, 
at 254 nm. The precursors were in turn generated from dichloride 323 by standard 
coupling/cyclization procedures. Highly reactive PTrM 319 could be generated and 
trapped in solution by Diels-Alder addition with furan in 20 % yield. Alternatively, 

319 could be generated and characterized in an Ar matrix at 20 K by FTIR and UV/ 

Vis spectroscopy. PTrM 320 proved to be more stable and was characterized by *H 
NMR spectroscopy as a mixture with indan and 322 in deuterated THF. 




319(n=1) 

320(n=2) 


Scheme 8.69 Synthesis of PTrMs 319 and 320. Reagents and conditions: (a) 2-methyl-3-butyn-2- 
ol, [Pd(PPh 3 ) 4 ], Cul, BuNH 2 ; (b) 37, [Pd(PPh 3 ) 4 ], Cul, PPh 3 , NaOH, H 2 0, CH 3 N(C 8 H 17 ) 3 CI, PhH, 
80°C; (c) l-ethynyl-2-(triisopropylsilyl)ethynylbenzene, [Pd 2 (dba) 3 • CHCI 3 ], Cul, piperidine, THF; 
(d) TBAF, EtOAc, THF; (e) Cu(OAc) 2 , py; (f) hv. 


PTrMs were initially reported by the Haley group in 1998 [70b, 102]. Because the 
assembly of such macrocycles through cyclooligomerization chemistry was not fea¬ 
sible, 324 was prepared by intramolecular acetylenic homocoupling (Scheme 8.70). 
The requisite building block 325 was prepared from 326 by selective desilylation 
and a subsequent modified Cadiot-Chodkiewicz coupling with TMSC^CC^CBr. 
In situ generation of the highly unstable phenylhexatriyne under Sonogashira con¬ 
ditions, followed by deprotection and Cu-mediated cyclization, gave 324. PTrM 327 
was also constructed by similar synthetic methods. 
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Scheme 8.70 Synthesis of PTrM 324. Reagents and conditions: (a) K 2 C0 3 , MeOH; (b) ij BuLi, 
ii] CuBr, iii] TMSC=CC=CBr, py; (c) o-diiodobenzene, aq. KOH, [Pd(PPh 3 ) 4 ], [PdCI 2 (PPh 3 ) 2 ], Cul, 
Et 3 N, THF; (d) TBAF, EtOH; (e) Cu(OAc) 2 , CuCI, py. 


8.6 

Phenyltetraacetylene Macrocycles 

The first tetrayne-linked PTeMs (328/329) were prepared in 1997 (Scheme 8.71) 
[103]. Key to this success was the generation of the phenylbutadiynes in situ 
under Eglinton homocoupling conditions, yielding 330 and 331. Subsequent re¬ 
moval of the TIPS groups and cyclization under pseudo-high-dilution conditions 
furnished PTeMs 328 and 329 in moderate overall yields. No intramolecular homo¬ 
coupling was observed, as the terminal acetylenes are nearly 11 A apart. 


TMS 



■TIPS 


222 R=H 
230 R=f-Bu 



TIPS 


b,c 



TIPS 



330 R=H (61%) 

331 R=f-Bu (70%) 


328 R=H (51%) 

329 R=f-Bu (64%) 


Scheme 8.71 Synthesis of PTeMs 328 and 329. Reagents and conditions: (a) Cu(OAc) 2 - H 2 0, 
K 2 C0 3 , py, MeOH; (b) TBAF, EtOH, THF; (c) Cu(OAc) 2 , CuCI, py. 
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The Fallis group prepared the dimeric PTeM 332 and the strained tetrayne 333 
(Scheme 8.72) [104]. Sonogashira cross-coupling of 334 with 1,4-diethynylbenzene 
gave hexayne 335. Once again, the distance between the terminal acetylenes, ca. 

7.2 A in the case of 335, was an important factor. Generation of the phenylbuta- 
diyne in situ with TBAF under Eglinton homocoupling conditions afforded only 
333 (46%) at low concentrations, whereas higher concentrations gave 332 (5%) 
and 333 (26%). 


TIPS 



332(5%) 333(26-46%) 

Scheme 8.72 Synthesis of PTeMs 332 and 333. Reagents and conditions: (a) 1,4-diethynylben- 
zene, [PdCI 2 (PPh 3 ) 2 ], Cul, Et 3 N, THF, A; (b) Cu(OAc) 2 , TBAF, py, Et 2 0. 


A different route to tetra-donor PTeMs is shown in Scheme 8.73 [95]. In situ 
desilylation/homocoupling of triyne 249, followed by removal of the TIPS groups, 
afforded hexayne 337. Cross-coupling of 337 with l-bromo-4-iodobenzene, sub¬ 
sequent addition of [PdCl 2 (PhCN) 2 ] and P(t-Bu) 3 , and then dropwise addition of 
a second equivalent of 337 into the above mixture gave PTeM 336 in low (4%) 
yield. The proton NMR spectrum of 336 reveals that the molecule adopts a highly 
symmetrical conformation in solution. Molecular modeling along with analysis of 
the NMR data suggests that 336 is C 2 -symmetric. 
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Scheme 8.73 Synthesis ofPTeM 336. Reagents and conditions: (a) K 2 C0 3 , Cu(OAc) 2 , MeOH, py; 
(b) TBAF, THF; (c) l-bromo-4-iodobenzene, [PdCI 2 (PPh 3 ) 2 ], Cul, Et 3 N, THF, A; (d) 337, 
[PdCI 2 (PhCN) 2 ], P(t-Bu) 3 . 


An alternate approach to tetrayne-linked systems is the use of organometallic 
fragments to stabilize a strained annulene with the subsequent liberation of the 
hydrocarbon. With sp bond angles calculated to be around 162°, PTeM 338 
would be highly strained and was therefore expected to be quite reactive [105]. 
The octacobalt complex 339, on the other hand, should be readily isolable. Masked 
PTeM 339 was prepared easily from 340 in five steps, and was isolated as stable, 
deep maroon crystals (Scheme 8.74). All spectroscopic data supported formation 
of the strain-free dimeric structure. Unfortunately, all attempts to liberate 338 
from the cobalt units led only to insoluble materials. Given the high reactivity of 
319 and several other strained polyynes, it is likely that 338 is too unstable to be 
successfully isolated and characterized. 
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TIPS 


H 

340 



40% 




Scheme 8.74 Attempted synthesis of PTrM 338. Reagents and conditions: (a) 1,4-diiodobenzene, 
[PdCI 2 (PPh 3 ) 2 ], Cul, Et 3 N; (b) Co 2 (CO) 8 , Et 2 0; (c) dppm, toluene; (d) TBAF, THF, EtOH; 

(e) Cu(OAc) 2 - H 2 0, py. 


8.7 

Phenyloligoacetylene Macrocycles 

Some of the most exciting examples of macrocycles based on phenyl and acetylene 
units are the supercyclophanes 341-344, which have been reported by both the 
Tobe [106] and the Rubin [107] groups. In 1998, both groups generated 343 in 
the mass spectrometer by laser desorption of the appropriate polyyne precursors 
and showed that these coalesce to C 60 . Subsequent work by the Japanese team 
has shown that halogenated cyclophanes 342 and 344 are superior precursors to 
fullerenes, as the chlorine atoms are much easier to lose. Unfortunately, all at¬ 
tempts to generate fullerenes outside the mass spectrometer via these type of cyclo¬ 
phanes have been unsuccessful. The reader is referred to the excellent chapter by 
Tobe (Chapter 9) for a detailed discussion of this topic [108]. 
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X 


341 X=H 
342X=CI 


343X=H 
344 X=CI 


8.8 

Conclusions 

Although the groundwork for this field was laid over 45 years ago by Eglintorfs 
pioneering studies, it has only been within the last 12-15 years that research on 
macrocycles comprised of phenyl and acetylene units has firmly established itself 
and grown at an amazing rate. Facile carbon-carbon bond formation through tran¬ 
sition metal catalysis, in conjunction with the widespread availability of silyl-pro- 
tected acetylenes, have made the assembly of complex macrocyclic structures a 
straightforward process. These synthetic developments now make it possible to 
tune and tailor the physiochemical properties of macrocycles, a definite first step 
if technological applications are to be achieved. Since the early 1990s a new genera¬ 
tion of alkyne chemists have recognized that phenylacetylene structures could be 
designed with technologically significant applications in mind. Numerous pheny¬ 
lacetylene macrocycles have been assembled by utilization of many of the synthetic 
advances described in the previous pages, and have proven useful for diverse appli¬ 
cations including liquid crystal displays (LCDs), supramolecular chemistry, self- 
assembly of nanostructures, nonlinear optical (NLO) devices, and all-carbon mole¬ 
cules and networks. Given the tremendous growth in this area in recent years, the 
future of phenylacetylene macrocycles appears to be rich with possibilities. 


8.9 

Experimental 

8.9.1 

Preparation of 8 From [(t-BuO) 3 W=Ct-Bu)] Catalysis of 13 


A 25 mL Schlenk flask was charged, under an atmosphere of N 2 , with the propy- 
nylated arene 13 (0.25-0.35 mmol), [(t-BuO) 3 W=Ct-Bu)] (20 mol%) and toluene 
(20 mL). The solution was stirred at 80 °C for 8 h. The solvent was removed in 


8.9 Experimental | 379 

vacuo, and the residue was subjected to flash chromatography on silica (hexane/ 
EtOAc elution) to give 8 (54%) [16]. 

8 . 9.2 

Synthesis of 8 and 10 from Copper (2-lodophenyl)acetylide 

AIL flask was charged with copper(i) (2-iodophenyl)acetylide 9 (17.9 g, 
0.0616 mol) and placed under an active vacuum to remove volatiles and to effect 
constant weight. Pyridine (500 mL) was added and the mixture was heated at reflux 
for 6.5 h. The pyridine was removed in vacuo, the crude product was extracted with 
Et 2 0 or acetone (1 L), and the insolubles were removed by filtration, after which the 
solvent was removed on the rotavapor. PAM 8 was sublimed at 160 °C on a diffu¬ 
sion-pump vacuum line (10 _s Torr) for approximately 48 h (yield 2.9 g, 48% based 
on the copper acetylide). Extraction of the residue left in the sublimator with acet¬ 
one, followed by column chromatography (CH 2 Cl 2 /hexanes, 1:4 elution), gave 10 
(0.5 g, 8 %), together with a trace amount of 11 [13]. 

8 . 9.3 

Preparation of 31 by Pd-catalyzed Cyclization of 29 

TBAF (1 m in THF, 2.3 mL, 2.3 mmol) was added to a solution of octayne 29 
(200 mg, 0.117 mmol) in THF (30 mL), and the system was stirred for 15 min. 

The solution was then diluted with Et 2 0, washed with brine (4 X 50 mL), and 
dried with MgS0 4 . The solution was then concentrated, rediluted to ca. 50 mL 
with THF, and added by syringe pump over 24 h to a solution of [PdCl 2 (dppe)] 

(6.7 mg, 0.012 mmol), Cul (3.1 mg, 0.017 mmol), and I 2 (14.7 mg, 0.058 mmol) 
in THF (100 mL) and i-Pr 2 NH (100 mL) at 55 °C. The reaction mixture was stirred 
for another 4 h at 55 °C after injection was complete. The mixture was then con¬ 
centrated in vacuo, diluted with CH 2 Cl 2 /hexanes (1:1, 200 mL), and filtered 
through a small cake of silica gel. The crude material was triturated with hexanes 
and filtered to give 31 (105 mg, 84%) as an orange powder [24]. 

8 . 9.4 

Preparation of 122 by Pd-mediated Cyclization of 136 

A Schlenk flask charged with PPh 3 (0.09 g, 0.34 mmol), [Pd(dba) 2 ] (0.03 g, 

0.052 mmol), and Cul (0.015 g, 0.076) was evacuated and back-filled three times 
with N 2 . Dry NEt 3 (25 mL) was added to the flask. While the mixture was stirred 
under N 2 at 75 °C, a solution of 136 (0.281 g, 0.226 mmol) in dry NEt 3 (25 mL) 
and dry benzene (25 mL) was added to the flask by syringe pump at a rate of 
~2.5 mL h _1 . After the addition was complete, the solvent was removed with a ro¬ 
tary evaporator. The reaction mixture was then subjected to flash chromatography 
(first eluted with a 1:3 mixture, then a 1:2 mixture of CH 2 Cl 2 /hexane) followed by 
precipitation with MeOH to give 122 (0.191 g, 76%) [43]. 
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8 . 9.5 

Synthesis of 148 from 149 and Mo(CO) 6 

Diyne 149 (2 g, 9.52 mmol), Mo(CO) 6 (126 mg, 0.477 mmol), and 4-chlorophenol 
(1.23 g, 9.57 mmol) were dissolved in ODCB (50 mL) and heated for 16 h at 150 °C 
under a light stream of N 2 . The reaction mixture was washed with water, dilute 
HC1, and dilute NaOH, followed by precipitation into MeOH. Thick layer chroma¬ 
tography (CH 2 Cl 2 /hexanes, 1:6) gave a mixture of 148 and the heptamer (2.3 mg, 
0.5%) [45], 

8 . 9.6 

Preparation of 189 and 190 from 1,2-Diiodotetrafluorobenzene under Hay Conditions 

A solution of CuCl (309 mg, 3.11 mmol) and TMEDA (19 mL) in ODCB (200 mL) 
was saturated with 0 2 by bubbling the gas though the solution. A solution of 1,2- 
diethynyl-3,4,5,6-tetrafluorobenzene (490 mg, 2.47 mmol) in ODCB (200 mL) was 
then added dropwise over a period of 1 h. The mixture was stirred for 5 h with 0 2 
bubbling and overnight under air. The reaction was quenched with HC1 (0.5 n, 
200 mL), and the organic layer was extracted with CHC1 3 , washed with aqueous 
NaHCOj, and dried over MgS0 4 . The combined organic layers were evaporated 
under reduced pressure (~ 20 mmHg) to remove the CHC1 3 and then at 
0.11 mmHg to remove the ODCB. The crude mixture was separated with prepara¬ 
tive GPC to give crude 189 (233 mg, 0.59 mmol, 48%) and 190 (78 mg, 0.13 mmol, 
16%). The products were recrystallized from CHC1 3 for 189 and from benzene for 
190 to give pure 189 and 190 as yellow crystals [67]. 

8 . 9.7 

Preparation of 1 by Deprotection and Cyclization of 223 

EtOH (10-20 drops) and TBAF (1 m in THF, 1.21 mL, 1.21 mmol) were added with 
stirring at rt. to the silyl-protected substrate 223 (400 mg, 0.58 mmol) dissolved in 
THF (15 mL). The reaction was monitored by TLC. Upon completion, the mixture 
was diluted with Et 2 0, washed three times with water and twice with brine, and 
dried over MgS0 4 . After filtration though a short pad of silica gel and removal 
of the solvent, the resulting product was dissolved in a small volume of pyridine 
and was used immediately in the next step. The deprotected acetylene was 
added by syringe pump to a suspension of CuCl (175 mg, 1.76 mmol ) and Cu 
(OAc) 2 • H 2 0 (320 mg, 1.6 mmol) in pyridine (145 mL) over 16-20 h at 60 °C. 
Upon completion, the reaction mixture was concentrate in vacuo and extracted 
with CH 2 C1 2 . The organic layer was subsequently washed with dilute HC1 solution 
and several times with water. The organic layer was dried (MgS0 4 ), filtered, and 
evaporated. Purification by chromatography on silica gel (CH 2 C1 2 ), followed by 
recrystallization in hot CH 2 C1 2 , gave 1 as a yellow solid (76 mg, 35 %) [77]. 
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8.9.8 

Synthesis of 304 by Photolysis of Dewar Benzene 305 

A solution of 305 (11 mg, 0.009 mmol) in CH 2 C1 2 (25 mL) was placed in a Pyrex 
test tube (18 mm X 18 cm), bubbled with Ar for 15 min at 0 °C, and irradiated with 
a high-pressure Hg lamp at 12 °C. The reaction was monitored by HPLC, which 
showed the formation of a single product. After 30 min (100% conversion), the 
irradiation was terminated, and the mixture was evaporated to give 304 (11 mg, 
100%) as a colorless powder [61]. 

8.9.9 

Preparation of 332 and 333 by Deprotection/Cyclization of 335 in situ 

TBAF (1 m, 1.19 mL) was added over 2 h by syringe pump to a stirred solution of 
compound 335 (508 mg, 0.54 mmol) and Cu(OAc) 2 (590 mg, 3.23 mmol) in pyri- 
dine/Et 2 0 (3:1, 100 mL). Once the addition was complete, the solution was poured 
into Et 2 0 and HC1 (1 m). The organic phase was washed thoroughly with HC1 (1 m) 
until all pyridine had been removed, and the organic phase was dried and concen¬ 
trated to yield a crude solid. Column chromatography (petroleum ether/CH 2 Cl 2 , 

2:1) yielded 332 (16 mg, 5%) as an orange solid and 333 (155 mg, 46%) as a 
red solid [104]. 
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Carbon-Rich Compounds: Acetylene-Based Carbon Allotropes 

Yoshito Tobe and Tomonari Wakabayashi 


9.1 

Introduction 

There has been longstanding interest in relatively small carbon clusters in the 
fields of spectroscopy and theoretical chemistry because of their structure and 
bonding and of their possible astrophysical significance. From the extensive theo¬ 
retical and spectroscopic studies it has become apparent that the natures of the 
most abundant structures, whether they are linear or cyclic, are principally a func¬ 
tion of the size of the clusters. With the discovery of the fullerenes as unusually 
stable clusters and their production in macroscopic quantities, increasing interest 
has been focused on larger carbon clusters in connection with the mechanism of 
fullerene formation. Like linear carbon clusters, linear polyynes R(C=C)„R end- 
capped with a variety of atoms and groups - including hydrogen, halogen, alkyl, 
aryl, alkylsilyl, and transition metal groups - have been attracting considerable in¬ 
terest with regard to their structures, spectroscopy, and isolation limits. Moreover, 
thanks to their rod-like shapes and cylindrically surrounding n electrons around 
the axis, there has been renewed interest in polyynes in connection with molecular 
wires. In view of these ever-growing activities in sp carbon-based, all-carbon, and 
carbon-rich compounds, it seems appropriate to summarize the state of the art 
in this area. This chapter commences with a review of spectroscopic studies of 
small carbon clusters mainly of the linear form, followed by a survey of research 
into the hitherto unknown carbon allotrope carbyne, an infinite linear chain of 
sp carbon atoms. The next section deals with linear polyynes R(C=C)„R end- 
capped with various atoms including transition metal elements. Finally, in the con¬ 
text of relatively large carbon clusters, monocyclic and multicyclic forms of carbon 
clusters are reviewed with emphasis on their relevance to their transformation into 
fullerene structures. 
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9.2 

Linear Carbon Clusters 

Linear carbon clusters C„ (n < —30) are chemical species that pose challenges in 
various experimental contexts, including production, detection, and characteriza¬ 
tion. Since they are not particularly fluorescent (except for C 2 and C 3 ) and are so 
reactive as to coagulate easily, forming soot particles, the detection of such transi¬ 
ent species is naturally a challenge for chemists. Identification of novel bonding 
structures consisting of highly reactive sp carbon moieties can be also a motivation 
for research. So far, researchers have developed matrix isolation, laser vaporization, 
and sputtering techniques for production, and mass-, laser-, and electron-spectro¬ 
scopy for detection and characterization. 

In 1942, Herzberg reproduced the cometary emission band system at 405 nm 
under laboratory conditions [la]. Almost a decade later, the carrier was identified 
as the linear C 3 [lb]. Thereafter, larger clusters C„ (n > 4) were detected as linear 
species both in the gas phase and in solid rare gas matrices. In the early 1960s, 
Weltner and co-workers pioneered the matrix isolation spectroscopy of trapped car¬ 
bon vapor molecules in rare gas solids such as solid Ar and Ne and found various 
electronic and vibrational transitions [2]. In the 1980s, guided by the infrared fre¬ 
quency obtained by matrix isolation spectroscopy, rotationally resolved spectra were 
measured in the gas phase by diode laser spectroscopy, from which the size n of 
linear C„ could be deduced in order to provide unequivocal assignment of the vi¬ 
brational transitions. 

Another research stream was opened by the pulsed-laser vaporization of graphite 
in a supersonic gas expansion source that enabled production of C„, C„“, and C„ + 
species of various sizes. From these results, in combination with those obtained 
from time-of-flight mass spectrometry (TOF-MS) and ultraviolet photoelectron 
spectroscopy (UPS), it was suggested that the stable structure changes from linear 
(n > 3), to monocyclic (n > 10), to cage forms (n > —30) depending on their sizes 
of up to n = 84 [3]. In 1989, Weltner and Van Zee reviewed both the experimental 
and the theoretical works [4a]. In 1998, Van Orden and Saykally updated the review, 
covering progress in mass-selective matrix isolation spectroscopy and high-resolu- 
tion infrared absorption spectroscopy [4b]. 

In the 1990s, progress towards the assignment of electronic transitions of linear 
carbon clusters was made by mass-selective matrix isolation spectroscopy. Maier 
and his colleagues developed a continuous anion-cluster source in which cesium 
vapor atoms transfer electrons to neutral C„ clusters, efficiently producing anionic 
C„ _ [5a]. These anions are mass-selected by a Q-pole mass filter and deposited on a 
cold surface with an excess of neon gas to form solid Ne matrices. For study of neu¬ 
tral species, the trapped anions are photobreached to detach the electron, forming 
the corresponding neutral clusters. They observed a series of the dipole-allowed 1 E U + 

X 3 £ g + transitions of C 2 „ + x (n = 2-7) in the UV regions [5c] and 3 X U A—X 3 X g ” tran¬ 
sitions of C 2 „ (n = 3-5) in the visible regions [5a, 5b]. The 3 X U A—X 3 Z g ” transition 
of linear C 4 at —380 nm was reported separately [5d]. As would be expected for 
the delocalized jr-electron systems, the transition wavelength shifts almost linearly 
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as a function of the cluster size, showing, for example, a uniform increment of 
about 40-43 nm between the bands of C 2n + 3 and C 2 „ + 3 [5c]. By extrapolation of 
the systematic relationship, the assignment of the 1 Z U + <—X*E g + electronic transi¬ 
tion was extended to linear C 21 [6]. Some infrared absorption lines were further 
identified for the mass-selected clusters in Ne matrices [7]. 

For the mass-selected anions trapped in Ne matrices, the electronic absorption 
spectra of C 2 „” (n = 2-7) [8a, 8b] and of C 2n + 1 “ (n = 2-5) [8c], and also the emission 
of C 4 “ [9] were reported. Surface plasmon polariton-enhanced Raman spectra 
(SERS) were obtained for size-selected C 2 „ (n = 7-10) clusters in nitrogen matrices 
and compared with the calculated vibrational frequencies for the ring and linear 
chain isomers [10]. 

New spectroscopic information in the gas phase has also been accumulated. 
Diode laser (DL) infrared absorption spectroscopy provides rotationally resolved 
spectra, from which the momentum of inertia of the molecule is deduced to 
give unequivocal assignment for the size n of linear C„. Since the observable 
range with a diode is not especially wide, the absorption frequency from matrix iso¬ 
lation spectroscopy can be of help. By 1998 [4b], the IR spectra of antisymmetric 
stretching vibrations of linear C„ of n = 3-7, 9, and 13 [11] had been reported. 
Recently, the IR spectra of linear C 8 [12a] and C 10 [12b] were observed. 

Cavity ring-down spectroscopy (CRD) is a highly sensitive intra-cavity absorption 
spectroscopy of transient molecules, radicals, and intermediates in the gas phase at 
the resolution of the pulsed laser used. The decay time (or ring-down time) of a 
light pulse reflecting back and force in a cavity of high reflectivity (> 99.99 %) is 
recorded as a function of the wavelength that gives an absorption spectrum of 
the molecules in the cavity. Linnartz et al. detected electronic transitions of linear 
carbon clusters and end-capped polyynic species by CRD. Among them, rotation- 
ally resolved spectra of linear carbon clusters were measured for the 3 E U Y—X 3 E g ” 
transition of C 4 at 379 nm [13a] and the 'ilu*—X x E g + transition of C 5 at 511 nm 
[13b]. CRD spectroscopy in the infrared region (IR-CRD) was very recently demon¬ 
strated through the development of a new pulsed-IR light source by the stimulated 
Raman effect, for which the optical dye-laser output is down-converted in a tandem 
long-pass H 2 gas cell [14]. The rotationally resolved IR absorption spectrum of 
linear C 9 was revisited with IR-CRD [14]. 

Ultraviolet photoelectron spectroscopy (UPS) of anionic clusters C„” goes beyond 
the cluster size reach accessible by the other spectroscopic methods mentioned 
above [3b, 15]. UPS provides information on electron affinity (EA) and the electro¬ 
nic and vibrational structures of neutral C„. In 1988, Yang et al. found two distinct 
EA series, one for clusters of C„ (n < 9,11) and the other for larger C„ (10 < n < 

29), and suggested linear and monocyclic structures for the corresponding series of 
anions [3a]. Arnold et al. measured at higher resolution to identify vibrational 
structures of linear C„ up to n = 11 [16a]. Xu et al. refined the spectroscopic data 
for C 6 [16b], while Kohno et al. found a series of transitions associated with the low¬ 
est triplet states of linear C 2n+1 (n = 3-9) [17]. In the above experiments [3a-b, 15, 
16a-b, 17], cluster anions C„” are produced by laser vaporization of graphite in a 
supersonic helium expansion source. Recently, UPS has been applied to laser-des- 
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orbed [18] or discharged [19] organic molecules in order to distinguish the isomers 
of the fragments, which may retain skeletal carbon framework structures in the 
precursory molecules. 

Anionic clusters C~ were studied by their electronic spectra in the gas phase. 
Resonance two-color photodetachment (R2CPD) spectroscopy is a high-sensitivity 
method applicable to the anionic species. Tulej et al. observed electronic transitions 
of C 4 “, C 5 “, C 7 “, and C 9 “ [20], finding coincidence of the C 7 “ lines with some DIB 
(diffuse interstellar bands) features [21], although this was eventually questioned by 
new astronomical observations [22]. Zhao et al. investigated the spectra and elec¬ 
tron-detachment dynamics of C 4 “, C 6 “, and C 8 “ [23]. Using resonance-enhanced 
multi-photon electron detachment (REMPED: the one-color version of R2CPD), 
Ohara et al. reported spectra of linear cluster anions of C 5 “ [24a], C 7 “, C 9 “, and 
C n “ [24b], C 2n ~ (n = 6-8), and C 2 „ +1 “ (n = 6-10) [24c]. For C 10 “, the authors 
found two distinctly different spectra depending on the cluster source conditions, 
one with sharp lines attributable to the linear isomer and the other with broad de¬ 
tachment features, for which the authors suggested a large deformation of the 
monocyclic ring isomer in its anionic state [25]. 

Matrix isolation spectroscopy has played a major role in carbon cluster science 
[2a-c, 4a]. Trapped in an inert, solid, rare-gas matrix, the reactive clusters can be 
studied under conditions where further reactions and aggregations are prevented. 
Recently, solid parahydrogen was used as a matrix for high-resolution spectroscopy, 
and this showed that the linear carbon clusters C„ (n = 3, 5, 6, 7, and 9) are stably 
trapped in the molecular matrix media [26a-c]. Figure 9.1 shows typical UV/Vis ab¬ 
sorption spectra of carbon vapor molecules produced from laser ablation of graphite 
in vacuum and then trapped in solid Ne at 5 K. The difficulty in the assignment of 
spectral features arises from the fact that the sample is a mixture of various clusters 
C„. The assignment of bands should thus be correlated by analogy with the results of 
mass-selective matrix isolation spectroscopy [5a-d, 27] and the recent vacuum UV 
(VUV) spectroscopy of the 1 L u + <—X 1 Z g + transition of C 3 [28]. 



Figure 9.1 UV/Vis absorption spectra of laser-ablated carbon clusters C„ trapped in a solid 
Ne matrix at 5 K (by T W, collaboration with Prof. Dr. Takamasa Momose, Kyoto University). 
The assignment of bands by analogy with the literature [5, 6, 27, 28], The relatively sharp peak with 
an asterisk at 407 nm is the A'll,/—X'Eg* transition of C 3 [1, 2, 4, 28]. Note that the band of linear 
C 13 at ~380 nm [5c] is superimposed with relatively sharp absorption features of linear C 4 [6], 
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One of the advantages of the mixed-cluster matrix sample over the mass-selective 
approach is the larger number (orders of magnitude) of accumulated clusters. 
Szczepanski et al. warmed up a carbon-containing Ar matrix in order to enhance 
the growth of larger carbon clusters, and observed electronic transitions in the UV/ 

Vis regions [29]. They assigned the bands to long carbon chain clusters C„ (n = 5-29) 
and anions C n ~ (n = 6-36) on the basis of the linear dependence of the transition 
wavelengths as a function of the cluster size [29]. Szczepanski et al. obtained reso¬ 
nance Raman spectra for C 6 ” [27], C 17 , C 21 , and C 23 by band-selective photoexcita¬ 
tion with a tunable light source [30], to find a systematic decrease in the frequency 
of a specific vibrational mode. The relatively intense, major electronic transitions of 
neutral C„ clusters in Ne and Ar matrices are summarized in Table 9.1. 


Table 9.1 

Major electroi 

nic transitions of neutral C, 

, clusters. 




Electronic transition (nm) 


Carbon 

cluster 


'£*<r-X'E* 

Ne°' c ’ d 

A^ b 

3 x-^x 3 x s 

Ne‘ 

f Eiu^X 1 A lg ) 

3 X u -^X 3 r- 

Ne f^ 

c 3 

c 4 

140-180 3 

145-190 a 


379.9 f 

c 5 


- 





226.l b 




Q 


237.5 e 

511.3 g,h 

Q 


252.8 C 




c 8 


271.Y 

639.8 b 

c 9 


295.0 C 

307.9 b 



c„ 

Qo 

336.3 C 

354.0 b 

(316. l) e 

735.5* 1 

c 13 

Cl2 

379.6 C 

400.5 b 

(332.l) e 

860.2* 1 

Cl5 

C14 

419.6 C 

447.0 b 

(346.8) e 

980.9 b 

C17 


460.3 d 





493.0 b 



C19 


503.2 d 





539.2 b 



C 21 


543.7 d 





586.4 b 




a) Ref. 28. e) Ref. 27. 

b) Ref. 29. f) Ref. 5d. 

c) Ref. 5c. g) Ref. 5a. 

d) Ref. 6. h) Ref. 5b. 
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The IR absorption lines of carbon clusters in rare gas matrices are relatively 
sharp (~0.1-0.5 cm -1 in FWHM (full width at half maximum)) because the rota¬ 
tional structures are smeared out. Figure 9.2 shows the typical IR absorption spec¬ 
tra of carbon vapor molecules trapped in solid Ar. The assignment of peaks is taken 
from the literature [4b, 7, 31], and the numbers indicate the size (n) of linear C„. 



Figure 9.2 IR absorption spectra of carbon vapor molecules C„ trapped in a solid Ar matrix at 6 K 
(by X W, collaboration with Prof. Dr. Wolfgang Kratschmer, Max-Plank-lnstitut fur Kernphysik, 
Heidelberg). The assignment of peaks is by analogy with the literature [4b, 7, 31]. The numbers 
indicate the cluster size n of linear C„. The two peaks indicated as c-6 and c-8 presumably belong 
to cyclic species [37] (see text [38] for details). 


In recent years, FT-IR data have been accumulated for linear C„ [31a, 31b], their 
anions C n ~ [8, 32a, 32b], sulfides C„S [33a], and water complexes C„(H 2 0),„ [33b]. 
13 C isotope enrichment gives more information on the fundamental and combina¬ 
tion-band frequencies for the isotopomers, and the aid of calculations by density 
functional theory (DFT) provides firmer bases for vibrational assignment [31a, 
31b]. The observed vibrational frequencies of linear C„ clusters in solid Ne and 
Ar and in the gas phase are summarized in Table 9.2. 

Closing the section on linear carbon clusters, we briefly address the observation 
of, and controversy relating to, cyclic carbon clusters. Cyclic carbon clusters have 
been conjectured since the observation of the UPS spectra in 1988 [3a]. Anion 
photoelectron spectroscopy clearly showed a distinct series of spectra for C 10 “ 
and anions of larger size, reasonably attributable to the monocyclic ring isomers 
[3a]. Ion chromatography (IC) experiments indicated that the cyclic isomers exist 
for C 7 + and larger sizes of cations [34a, 34b] and for C 10 ~ and larger sizes of anions 
[34c], consistently with observations in anion photoelectron spectroscopy [3a]. For 
neutrals, circumstantial evidence of the stability and abundance of cyclic C 10 has 
been reported by one-photon ionization mass spectroscopy, which may avoid 
secondary fragmentation upon ionization [35, 36]. No evidence of the highly 
strained smaller cyclic species of n = 6 has appeared, at least in the gas phase. 
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Table 9.2 Observed vibrational frequencies of linear C„. 


Carbon 

cluster 

Frequency (cm ’) 


Mode 

Ne 

Ar 

Cas 

assignment 

c 3 

2036.4 a 

2038.9 a 

2040.02 a 

v 3 IR-str. 


1226 a 

1214.0 a 

1224.5 a 

Vl 


75 a 

83 a 

63.42 a 

v 2 IR 

c 4 



2032(50) a 

Vl 


1547.2 a 

1543.4 a 

1548.94 3 

v 3 IR-str. 




352(15) a 

v 4 IR 



172.4 a 

160(4) a 

v 5 

C 5 

2166.4 a 

2164.3 a 

2169.44 3 

v 3 IR-str. 


1444.3 a 

1446.6 a 


v 4 IR-str. 



775.8 C 

779(10) a 

v 2 




535 (10) a 

v 6 IR 




218(13) a 

v 5 




118(3) a 

Vy IR 

Q 


2050.3 C 

2089 (50) e 

Vl 


1958.7 a 

1952.5 a 

1959.86 3 

v 4 IR-str. 



1665.8 C 

1694(50)' 

v 2 


1199.4 a 

1197.3 3 


v 5 IR-str 



627.3 C 

637(50)' 

v 3 

C 7 

2134.6 a 

2127.8 a 

2138.32 a 

v 4 IR-str 


1897.5 a 

1894.3 a 

1898.38 a 

v 5 IR-str. 



581.7 C 

548(90) a 

v 3 




496(110) a 

Vy 

C 8 

2067.8 a,b 

2071.5 C 


v 5 IR-str. 


1707.4 a,b 

1710.5 


v 6 IR-str. 




~565(8) a 

v 4 

C 9 

2081.l a ' b 

2078.1 c 

2079.67 3 

v 5 IR-str. 


2010.0 a 

1998.0 a 

2014.28 a 

p 6 IR-str. 



1601.0 3 


v 7 IR-str. 




1258(50) a 

v 3 



447.6 C 

484(48) a 

v 4 




30(20) a 

Vis 

Cio 

2074.5 a,b 



IR-str. 


1915.4 ab 



IR-str. 

Cu 

1938.6 a,b 

1945.7 d 


v 7 IR-str. 


1853.4 a,b 

1856.6 d 


v 8 IR-str. 




~440 a 

v 5 

c 12 

2003.9 a,b 




c 13 



1808.96 f 

IR-str. 

a) Duplicated from Table 1 in Ref. 7. d) Ref. 31b 


b) Original data from Ref. 7. 

e) Ref. 16b. 


c) Ref. 31c. 


f) Ref. 11. 
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In Ar matrices, on the other hand, two independent groups assigned an IR ab¬ 
sorption line at 1695 cm -1 in solid Ar to cyclic C 6 with D 3h symmetry [37a, 38a], 
although for cyclic C 8 the lines assigned to the same mode of vibration disagreed 
[37b, 38b, 38c]. Two lines in Figure 9.2, at 1695 cm -1 and 1818 cm -1 and indicated 
as c-6 and c-8, respectively, are the lines assigned to cyclic C 6 and cyclic C 8 from 
isotopomeric studies by Presilla-Marquez et al. [37]. These two lines show a similar 
tendency to increase upon annealing of a carbon-containing matrix sample [39]. So 
far, no UV/Vis electronic counterpart to the IR line has yet been identified. Note 
that the intensity correlation between the 1695 cm -1 IR line and the 586 nm Vis 
band in solid Ar was reported earlier [40]. 

For mass-selected C 10 “ trapped in a solid Ne matrix, Grutter et al. suggested that 
the UV band at 316 nm (see Figure 9.1) is attributable to cyclic C 10 rather than to 
linear C 10 [27]. The assignment is based on extrapolation of the calculated excita¬ 
tion energy for cyclic C 6 to the energy for cyclic C 10 at the MRD-CI (multi-reference 
single and double excitation configuration interaction) level of theory [24]. No IR 
line for cyclic C 10 has yet been identified. 


9.3 

Carbyne 

Carbyne had long been thought to exist as the third allotropic form of carbon (i. e., 
together with graphite (sp 2 ) and diamond (sp 3 )) [41]. The infinitely long sp-hybri- 
dized linear carbon chains are ideal constituents that may stack into a new crystal¬ 
line form. However, their fragility and reactivity have thwarted attempts to isolate 
such a solid form. After the 1990 macroscopic production of fullerene C 60 , a sort of 
modification of the graphitic (sp 2 ) structure [42], that molecule or its solid form 
seemed to gain the honor of the third position. In the hope that the carbyne 
story might experience a rapid rise similar to that enjoyed by C 60 [42, 43], increas¬ 
ing interest has been focused on the macroscopic preparation of the hitherto never- 
isolated system of stacking sp-carbon chains. The goals include its full characteri¬ 
zation and understanding of its electronic, magnetic, optical, mechanical, thermal, 
and chemical properties. Here we briefly address early investigations and recent 
attempted syntheses of carbyne-rich solid materials. 

The early story of the linear carbon allotrope is related to its natural occurrence 
associated with meteorite impact or shock-induced phenomena [44]. The materials 
in nature were tiny crystals embedded in a graphitic or an amorphous carbon matrix 
and observed by electron microscopy or its associated methods such as electron dif¬ 
fraction (ED), energy dispersed X-ray emission (EDX), and electron energy loss spec¬ 
troscopy (EELS) [44]. In 1968, while studying diamonds in meteorite ejecta, El Goresy 
and Donnay found shiny, crystalline portions in polished sections of shock-fused 
graphite gneisses from the Ries Crater in Bavaria [45] and coined the name Chaoite 
in honor of the geologist E. C. T. Chao, who had investigated this impact crater 
thoroughly. The X-ray diffraction powder patterns indicated large cell dimensions 
a = 8.948 A, c = 14.078 A with a primitive hexagonal lattice [45]. 
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After the first report, researchers were encouraged to publish their observations 
of d-spacings similar to those found in Chaoite (e. g., 0.45 nm). The larger spacing 
than the inter-layer spacing in graphite (0.34 nm) was believed to be evidence 
of linear carbon chains suspended between the graphitic layers. Amongst the 
reports on carbynes and Chaoite-like materials, some fascinating hypothesis 
were raised concerning pre-solar grains and carriers of noble gases with isotope 
anomalies in meteorites [46]. Eventually, Smith and Buseck questioned the carbyne 
concept, arguing that the d-spacings of quartz and some layer silicates such as 
talc can also reproduce the X-ray diffraction data of Chaoite and carbynes [47]. 

This cast a shadow over the whole concept of carbyne and rather muted interest 
in the field. 

Attempts to synthesize the linear carbon allotrope started even earlier, around 
1961 [48]. The synthetic approaches reported so far have involved oxidative dehy- 
dropolycondensation of acetylene, polycondensation of halides, chemical or photo- 
induced dehydrohalogenation of polymers, dehydrogenation of polyacetylene at 
high static pressure, decomposition of hydrocarbons, and pyrolysis of organic poly¬ 
mers [41]. Condensation of carbon vapor has also been tested [41]. In addition to 
the experimental studies, theoretical considerations of the electronic and phonon 
properties have been reported, not only for the infinitely long carbon chains [49, 

50] but also for two-dimensional mixed-valence systems possessing sp and 
sp 2 carbon atoms [51, 52]. In 1999, Heimman, Evsyukov, and Kavan edited a trea¬ 
tise on the state of the art in this field [41]. 

Electrochemical carbonization of polymers has become a reality for the bulk syn¬ 
thesis of carbyne-rich compounds [53-55]. Kavan and co-workers performed elec¬ 
trochemical reduction of polytetrafluoroethylene (PTFE), in which a thin foil of 
PTFE was dipped into alkali metal amalgam (Hg/M, M = Li, Na, and K) to elim¬ 
inate fluorine as ME salts [53]. Characterization of the material in situ showed a 
rather broad but strong Raman signal around 2100 cm -1 , attributed to the stretch¬ 
ing vibration of C=C triple bonds [53]. The intensity of the “carbyne” band 
increases relative to the intensity of the “D + G” band (“disorder-induced” + “gra¬ 
phite” band, spanning between 1200 and 1650 cm -1 [56]), as the excitation wave¬ 
length changed from red to blue [54]. This is explained by the resonance Raman 
effect assisted by 7t-jt* absorption possibly located on nearby UV regions. As a me¬ 
chanism for the stabilization of the linear-carbon system it was proposed that the 
embedded by-products (i. e., nano-crystalline MF salts) prevent collapse through 
cross-linking reactions between neighboring carbon chains [55]. 

Cluster-beam deposition under ultrahigh vacuum is a method preferable to 
atomic beams for cluster-assembled films. Milani and his colleagues deposited 
C„ clusters of a mean size of n ~600 to obtain a thin film of ~200 nm thickness 
[57, 58]. Raman spectroscopy in situ showed high-frequency bands at 2100 cm -1 
and 1980 cm -1 , to which the authors assigned the stretching vibrations of alternat¬ 
ing triple bonds -(C=C)„- (polyynes) and conjugated double bonds = (C = C)„ = 
(polycumulenes), respectively [57]. It was suggested that the carbyne structures 
are supported in-between the fullerene-like structures. Upon exposure to various 
gases - H 2 , He, N 2 , and dry air - the carbyne fraction decayed exponentially 
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with time [58]. It turned out that the carbyne moieties are sensitive to oxygen and 
elevated temperatures, from room temperature to —200 °C [58]. 

Matrix-isolated carbon clusters can be precursors to carbyne structures. So far, 
the growth of longer-chain clusters upon annealing of a solid rare-gas matrix con¬ 
taining small carbon clusters has been reported [59]. Recently, linear C„ clusters 
(n < —20) embedded in such a cold matrix were coagulated upon sublimation 
of the matrix to form a brownish material on the surface [60]. Figure 9.3 shows 
the preliminary in situ Raman spectrum of the aggregates showing the “carbyne” 
or “C” band at 1900-2200 cm -1 in addition to the “D + G” band at 1250-1650 cm -1 . 


c 



Raman Shift / cm 1 


Figure 9.3 The in situ Raman spectrum of the carbon-cluster aggregates that form upon subli¬ 
mation of a solid Ne matrix containing small carbon clusters [60], The sample was excited with 
cw laser light at 532 nm and the scattered light was detected by use of a monochromator at a 
resolution of —12 cm -1 . The “C” or “carbyne” band at 1900-2200 cm' 1 is attributed to the 
stretching vibration of linear carbon moieties of sp hybridization [53-55, 57, 58]. The “D + G” 
band at 1250-1650 cm' 1 is due to highly disordered structures of reduced crystallinity composed 
of sp 2 and sp 3 carbon atoms [56]. 


The spectral features in Figure 9.3 resemble those obtained for the electrochemi- 
cally formed carbyne [53, 54] and the carbyne-rich films generated by the cluster- 
beam deposition [57, 58]. The cluster aggregates on the cold surface (< 50 K) read¬ 
ily undergo a highly exothermic reaction that heats up the product particles to 
—2500 K [60, 61]. The recent experiments described above were performed in va¬ 
cuum and mostly based on in situ Raman spectroscopy. Further progress for the 
production of stoichiometric material with a well defined structure is still awaited. 
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9.4 

Linear Polyynes 

Preparative work on linear polyynes has been conducted in order to assess the iso¬ 
lation limit of sp carbon chains and in connection with natural products containing 
polyyne units [62]. With respect to the increasing interest in carbyne (Section 9.3), 
linear polyynes are regarded as models of this unknown allotrope. Conjugated 
polyyne chains are also regarded as molecular wires, which may communicate elec¬ 
tronic interaction or transport electrons through n bonds between the two ends. 
When the termini are substituted by redox-active transition metals, a mixed valence 
state may occur. In view of these points of interest, synthetic and spectroscopic 
research on linear polyynes has been vigorous. Methods of synthesis, remarks 
on stability, and characterization status of relatively long known linear polyynes 
H(C=C)„H and their substituted derivatives R(C=C)„R, where R is an alkyl, 
aryl, halogen, or cyano group, are listed in Table 9.3, while those properties for 
polyynes end-capped by transition metals L m M(C=C)„ML m are summarized in 
Table 9.4. 


Table 9.3 

Synthesis, 

stability, and characterization of linear polyynes R(C=C)„R. 


R 

Number 
of C=C 
unit n 

(a) Method of preparation, (b) stability and other data 
for those with large n, and (c) characterization status 

Reference 

H 

2-5 

(a) desilylation of TMS derivatives (n= 4, 5) 

(c) UV: n=2-3 (both in solution and in gas phase), 
n= 4, 5 (in solution) 

63 

H 

4-12 

(a) deprotection of the Et 3 Si derivatives 
(c) UV/Vis of an eluate from chromatography 

64 

H 

4-8 

(a) laser ablation of graphite suspended in a hydro¬ 
carbon solvent 

(c) detected by HPLC and identified by UV/Vis 

65 

H 

4-9 

(a) arc discharge of graphite rods in an organic 
solvent such as CH 3 CN 

(c) detected by HPLC and identified by UV/Vis 

66 

H 

6-13 

(a) arc discharge of butadiyne in Ar 
(c) UV/Vis in Ne matrix at 6 K 

67 

Me 

5, 6 

(a) n= 5: dehydrochlorination, n=6: Hay coupling 

(b) n= 5: cream-colored needles decomposing easily 
under light and at moderate temp., n= 6: yellow 
crystals turning brown rapidly 

(c) IR, UV/Vis 

68a 

t-Bu 

3-7 

(a) dehydrochlorination 

(b) n=7: yellow needles decomposing >150°C 

(c) UV/Vis 

69 

t -Bu 

8, 10 

(a) Eglinton coupling 

(b) n= 8: yellow-brown needles decomposing >130 °C, 
n= 10: orange needles decomposing ca. 100 °C 

(c) UV/Vis 

68c 
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Table 9.3 Continue 


R 

Number 

(a) Method of preparation, (b) stability and other data 

Reference 


of C=C 
unit n 

for those with large n, and (cj characterization status 


t-Bu 

12 

(a) Eglinton coupling 

(b) Red-brown needles turning black at 20 °C during 

8 min, also decomposing ca. 50 °C 

(c) UV/Vis 

70 

Et 3 Si 

4-12, 16 

(a) Hay coupling 

(b) n= 6: dark solid that blackened rapidly upon warming 
to 20 °C: larger homologues were not isolated. 

(c) UV/Vis (with n=8-12 and 16 only for chromato¬ 

64 



graphy eluate) 


t-BuMe 2 Si 

6 

(a) flash vacuum pyrolysis (650 °C) of a cyclobutene- 
dione type precursor 
(c) IR, *H and 13 C NMR, MS 

71 

Ph 

6, 8 

(a) Hay coupling 

(b) n= 6: golden-yellow needles decomposing >100 °C, 
n= 8: extremely unstable copper-colored needles 

(c) UV/Vis 

68b 

Ph 

10 

(a) Hay coupling 

(b) dark red needles that blackened and conflagrated 
violently during filtration under nitrogen 

(c) IR, UV/Vis (for chromatography eluate) 

70 

Ph 

5 

(a) flash vacuum pyrolysis (650 °C) of a cyclobutene- 
dione-type precursor 
(c) X-ray analysis 

71 

Ar“ 

4-6 

(a) dehydrochlorination 
(c) UV/Vis 

73 

Mes 6 

6, 8 

(a) Hay coupling 

(b) n= 6: yellow needles decomposing >170 °C, 
n= 8: dark red solid decomposing >150 °C 

(c) IR, UV/Vis 

70 

3,5-disi- 

6, 8 

(a) Hay coupling 

72 

loxyPh' 


(b) slowly decomposing orange solid (n= 8) 

(c) IR, UV/Vis, 'H and 13 C NMR, MS 


Dendron d 

6, 8, 10 

(a) Hay coupling 

(b) yellow, orange, and red solids, respectively 

(c) Raman, UV/Vis, 3 H and 13 C NMR, MS 

72 

Por¬ 

2, 4, 6, 8 

(a) Eglinton coupling 

74 

phyrin' 


(b) deeply colored stable solids under ambient 




conditions 




(c) IR, UV/Vis, *H NMR (for n= 8), MS (for n= 8) 


Br 

4 

(a) information available from the author on request 

(b) highly explosive 

(c) IR, 13 C NMR, MS 

75 

I 

3-4 

(a) iodination of the corresponding Me 3 Si derivatives 

76 



with NIS 




(b) solids that explode at 100 °C (n= 3) or at 85 °C (n=4) 

(c) 13 C NMR (n=3, 4), X-ray analysis for a 1:1 co-crystal 




with Ph 3 PO (n= 3) 
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Table 9.3 Continue 

R Number (a) Method of preparation, (b) stability and other data for Reference 

of C=C those u/ith large n, and (c) characterization status 
unit n 


CN 3-8 (a) resistive heating of a graphite rod in the presence of 77 

dicyanogen, (CN) 2 , under He followed by extraction 

(b) colorless crystals only stable at rt. in the dark: con¬ 
centrated solutions of the longest one (n=6) slowly 
decompose. 

(c) IR, UV/Vis, MS for n =7 and 8, IR, UV/Vis, MS, 
and 13 C NMR for n=3-6 

a: 4-biphenyl, 1- and 2-naphthyl, 2-fluorenyl, 1- and 9-anthryl, 2-, 3-, and 9-phenanthryl, 

1- and 2-pyrenyl, 6-chrysenyl. 
b: 1,3,5-trimethylphenyl (mesityl). 

c: 3,5-bis(tert-butyldimethylsiloxy)phenyl derivatives la-b: an inseparable mixture of polyynes of n= 8, 
9, and 10 was prepared by the same method as a red solid, 
d: third-generation aliphatic polyether dendrimers 3a-c. 
e: Ni(n) complexes 4a-d of meso- diarylporphyrin. 


It is known that parent polyynes H(C=C)„H become drastically less stable with 
increasing number of triple bonds [62]. Although butadiyne, for example, can be 
distilled, it polymerizes rapidly above 0 °C, and hexatriyne is often reported to ex¬ 
plode violently. Accordingly, polyynes were prepared and characterized either in the 
gas phase, in dilute solutions, or in rare gas matrices at low temperature to prevent 
their (explosive) decomposition and polymerization. UV spectroscopic studies for 
polyynes H(C=C)„H of n = 3-5, prepared by deprotection of the corresponding tri- 
methylsilyl (TMS) derivatives, in solution (also in the gas phase for n = 3 and 4) 
were undertaken by Kloster-Jensen in the early 1970s [63]. Similarly, polyynes 
with n = 4-12, prepared by deprotection of the corresponding triethylsilyl (TES) 
derivatives, were characterized by UV/Vis spectroscopy in the chromatography elu- 
ates of mixtures containing these polyynes [64]. Recently, Tsuji and Cataldo inde¬ 
pendently reported new methods for the formation of linear polyynes by applica¬ 
tion of graphite ablation techniques, typically used for the formation of fullerenes 
in the gas phase, in organic solvents. Namely, laser ablation of graphite suspended 
in a hydrocarbon solvent at room temperature allowed a mixture of linear polyynes 
with n = 4-8 to be produced, and these were identified by GC-MS analysis of the 
mixture and the UV/Vis spectra of the HPLC eluate [65]. Similarly, arc discharge of 
graphite rods in an organic solvent gave a mixture of linear polyynes with n = 4-9, 
also identified by the UV/Vis spectra of the HPLC eluate [66]. Although polyynes 
with n up to 9 were produced by the arc discharge method at -40 °C, the relative 
amount of polyyne drops considerably with increasing number of carbon atoms. 
Maier et al. conducted electronic spectroscopic studies of polyynes with n = 6-13 
isolated in neon matrices at 6 K [67]. Polyynes were generated by electron impact 
on a butadiyne-argon mixture, mass selection of the polyyne anions, codeposition 
of an anion with neon into a matrix, and electron detachment by UV irradiation. A 
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linear relationship between the number of the carbon atoms (n) and the electronic 
absorption maximum was observed, although it deviated from linearity with in¬ 
creasing n. For the measurement in the gas phase by resonant two-color two- 
photon ionization spectroscopy, the mass-selected polyyne anions, generated by 
the same method as above, were neutralized by discharge in the gas phase. The 
C=C stretching bands were observed between 1945 and 1826 cm -1 , indicating 
that the compounds possess localized polyyne structures with large bond alterna¬ 
tion. It can be concluded that the polyyne H(C=C)„H with 24 carbon atoms (n = 
12) is the current limit of characterization in solution at ambient temperature, 
while that with 26 carbon atoms (n = 13) is the longest one generated and charac¬ 
terized in a matrix at low temperature. 

Attempts to isolate stable derivatives of even longer linear polyynes were initiated 
during the 1950s by Jones et al. and by Bohlman [68, 69]. For alkyl-substituted de¬ 
rivatives, the bullciness of the endgroups has a remarkable effect on their stabili¬ 
ties. In the series of polyynes end-capped with methyl groups (Me(C=C)„Me), 
for example, the derivatives with n = 5-6 were the longest members isolated 
and characterized by their IR and UV/Vis spectra [68a]. In contrast, tert- butyl deri¬ 
vatives are much more stable; f Bu(C=C)„ f Bu with n = 7 was isolated by Bohlman 
[69] and those with up to 10 were characterized by Jones et al. [68c]. The longest 
homologue, with n = 12, was isolated later by Johnson and Walton [70], but decom¬ 
posed rapidly even at ambient temperature. 

With regard to steric protection, Walton et al. employed the bulky TES (triethyl- 
silyl) group, which is also useful in terms of its ease of removal, making further 
elongation of the polyyne chain feasible [64]. The longest isolated polyyne of this 
series, TES(C=C) 6 TES, a dark solid that blackened rapidly at 20°C, however, is 
rather short in relation to the tert- butyl derivatives. While the compounds were 
not isolated, solutions containing TES(C=C)„TES with n = 8-12 and n = up to 
16 were prepared by repetition of partial deprotection and Hay coupling sequences, 
and their UV/Vis spectra were recorded. This allowed ready access to the otherwise 
difficult to prepare parent polyynes H(C=C)„H in solution as described above. The 
longest fully characterized silyl derivative is the tert-butyldimethylsilyl derivative of 
dodecahexayne prepared by Diederich et al. by flash vacuum pyrolysis of its cyclo- 
butenedione-type precursor [71J. The polyyne chain of this compound is nearly 
linear and is composed of alternating single and triple bonds. 

Aryl groups are also used for kinetic protection. Ph(C=C)„Ph with n = 8 was iso¬ 
lated as an extremely unstable solid by Jones et al. in the 1950s [68b]. Since the 
polyyne with n = 10 later prepared by Walton decomposed violently during filtra¬ 
tion under nitrogen, it was only characterized in a chromatography eluate [70]. 
The longest diphenylpolyyne characterized by X-ray crystallographic analysis is 
Ph(C=C) 5 Ph [71]. Mesityl derivatives seem to be more stable than phenyl deriva¬ 
tives; polyynes with n = 6 and 8 were isolated as yellow and dark red solids, respec¬ 
tively, and were characterized by their IR and UV/Vis spectra [70]. Recently, the 3,5- 
bis(tert-butyldimethylsiloxy)phenyl derivatives la (n = 6) and lb (n = 8) were pre¬ 
pared, isolated, and fully spectroscopically characterized by Hirsch et al. [72]. Mo¬ 
reover, these researchers also utilized sterically demanding dendrimers for steric 
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protection [72]. Polyynes 2a-c with n up to 6 bearing first- to third-generation den- 
drimers of Frechefs benzyl ether type were prepared and fully spectroscopically 
characterized. While dilute solutions of hexaynes 2a-c were stable, however, the 
solid materials decomposed rather quickly. On the other hand, polyynes 3a (n = 

6), 3b (n = 8), and 3c (n = 10), possessing third-generation aliphatic dendrimers, 
turned out to be more stable; 3a-c were isolated and fully characterized. The ico- 
sadecayne 3c ( n = 10) represents one of the longest known linear polyynes to 
have been isolated. As the extinctions of the most intense electronic absorption 
band increase with increasing number of the triple bonds, the value for the longest 
polyyne 3c (e = 6 X 10 5 m -1 cm -1 ) represents one of the largest measured for this 
class of compounds. 

'BuMe^SiO, OSiMe 2 Bu f 

0 = = = = = = 0 

f BuMe 2 SiO / OSiMe 2 Bu f 

la 



O 
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Diaryl-substituted polyynes are also regarded as models for investigation of elec¬ 
tronic interactions between two ti systems connected by a polyyne chain. For this 
purpose diarylpolyynes Ar(C=C)„Ar with n = 4-6 and possessing a variety of aro¬ 
matic rings were prepared and their electronic interactions investigated by UV/Vis 
spectroscopy by Nalcagawa and Akiyama et al. [73]. More recently, porphyrin-substi¬ 
tuted polyynes 4a-d, with n = 2, 4, 6, and 8, respectively, were prepared for a simi¬ 
lar but more intriguing reason: investigation of whether the polyyne chain may 
serve as a molecular wire that can transmit electrons in through-bond fashion 
[74]. The splitting (1380 cm -1 ) of the Soret band of 4a (n = 2) indicated the presence 
of exciton interactions between the porphyrin rings. However, the splitting be¬ 
comes smaller with increasing chain length, suggesting a decrease in the electronic 
interactions between the porphyrins with increasing extension of the polyyne unit. 



4a n =2 
4b n =4 
4c n =6 
4d n = 8 
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Halogen-substituted polyynes are useful building blocks for the preparation of 
longer polyynes. The longest known dibromopolyyne, Br(C=C) 4 Br, was prepared 
and characterized successfully by IR and 13 C NMR spectroscopy and mass spectro¬ 
metry [75]. Because of its highly explosive properties, special care should be taken; 
details of the synthesis are available only upon personal request to the author. The 
diiodo compounds, I(C=C)„I, with n = 3-4, were prepared by Gao and Goroff by 
treatment of the TMS derivatives with N-iodosuccinimide [76]. Although they ex¬ 
plode when heated, they were successfully characterized by conventional spectro¬ 
scopic methods. The chemical shifts of the terminal carbon atoms in the 13 C 
NMR spectra are considerably solvent-dependent, indicating that the iodine 
atoms interact strongly with the negative poles of dipolar solvents. Moreover, 
I(C=C) 3 I formed a stable 1:1 co-crystal with triphenylphosphine oxide, its structure 
was characterized by X-ray analysis. 

Hirsch et al. prepared a series of cyano-substituted polyynes, NC(C=C)„CN with 
n = 3-8, by resistive heating of a graphite rod (the method employed for the first 
preparative-scale formation of fullerenes by Kratschmer and Huffman) in the pres¬ 
ence of dicyanogen and helium buffer gas [77]. The same reaction conducted in the 
presence of chlorine, however, did not give the corresponding chloropolyynes but 
chlorinated aromatic hydrocarbons. The dicyanopolyynes were separated by chro¬ 
matography and were reasonably characterized by spectroscopic methods. While 
dilute solutions of the dicycanopolyynes kept at low temperature were stable, con¬ 
centrated solutions and solid materials gradually decomposed. On the basis of the 
observed stability of the dicyanopolyynes, the authors questioned whether the ma¬ 
terial obtained by Lagow et al. under similar conditions was the sp carbon allotrope 
as proposed [78]. 

In general, linear polyynes display a series of fine-structured UV/Vis absorption 
bands. The wavelengths for each set of polyynes have been correlated with the num¬ 
ber of triple bonds (n) according to the Lewis-Calvin equation [79]: X 2 = kn, where X is 
the wavelength of the longest-wavelength absorption band (A band) or that of the 
most intense absorption band (L band). The slope (k) of the plot depends largely on 
which band is taken for the plot. The slope for the longest-wavelength band (A band) 
of the phenyl-substituted derivatives, for example, is 28 X 10 3 nm 2 per triple bond, 
while that for the highest-intensity band (I band) is 15 X 10 3 nm 2 per triple bond 
[70]. Similarly, the slope fc for the A band of the methyl-substituted polyynes is 30 X 
10 3 nm 2 per triple bond [68a], while those for the L bands of the parent polyynes [64], 
the tert -butyl derivatives [70], and cyano derivatives [77b] are all 12 X 10 3 nm 2 per 
triple bond. On the other hand, the slopes for the L bands of the two 3,5 -bis(tert- 
butyldimethylsiloxy)phenyl derivatives la and lb and aliphatic dendrimers such as 
3a-c are 20 X 10 3 nm 2 per triple bond, larger than those observed for the other sets 
of polyynes [72]. The absorption wavelengths can also be treated with the empirical 
equation E cxp = a + b/n, which is more appropriate for long-chain polyenes and poly¬ 
ynes, since for larger n the plots of E exp versus 1 In become linear and approach a 
limiting value of a as n—[80]. From the plots for cyanopolyynes NC(C=C)„CN 
[77b] and those for both 3,5-bis (tert-butyldimethylsiloxy)phenyl derivatives and ali¬ 
phatic dendrimers [72], the limiting values as n—>°° were estimated as 550 and 
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569 nm, respectively. Since the limiting values can be regarded as the absorption 
maximum of the sp carbon allotrope carbyne, these observations suggest that 
carbyne should be a colored insulating material. 

Transition metal endgroups stabilize polyynes through the bulkiness of the li¬ 
gands on the metals, which protect the reactive sp carbons from intermolecular 
contacts. In this field, a number of relatively long-chain (longer than n = 8) polyyne 
complexes, L m M(C=C)„ML,„, end-capped by transition metal groups, have been 
synthesized. The longest polyyne chain (n = 12) of an isolated metal complex is 
longer than that of the longest C-terminated polyyne (n = 10). Moreover, poly- 
yne-bridged metal complexes exhibit a variety of redox properties relating to molec¬ 
ular wires, in which an electron, charge, or exciton communicates through the 
7i bonds of the rod-like molecules. In principle, acetylenic complex I can be trans¬ 
formed into the dicationic species III, with a cumulenic bridge, by two one-electron 
oxidations through the intermediate radical cation II with a mixed valence state, as 
shown in Scheme 9.1. In addition, when the metals are bridged by an odd number 
of sp carbon atoms, the carbyne-like form V may also occur in addition to the cu¬ 
mulenic form IV (Scheme 9.2). For these reasons, organometallic polyynes have 
been studied intensively by the groups of Gladysz, Lapinte, Akita, Bruce, and 
others, as summarized in Table 9.4 [81]. 
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Scheme 9.1 Redox cycle of polyynes with 
transition metal endgroups and even number 
of sp carbons. 
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Scheme 9.2 Resonance structures of polyynes with transition metal endgroups and odd number 
of sp carbons. 


Tetrayne-bridged diiron complex 5, with (7/ 5 -C 5 Me 5 )Fe(dppe) endgroups (dppe = 
1,2-bis(diphenylphosphino)ethane), was synthesized by Coat and Lapinte [82]. Cyc¬ 
lic voltammetry (CV) of 5 in dichloromethane showed two reversible one-electron 
processes with a large wave separation, A E = = 0.43 V, indicating strong 

interaction between the metal centers through the carbon chain separated as long 
as 13 A. Moreover, the thermally stable mixed-valence complex [Fe 11 — C 8 - 
Fe m ](PF 6 ”) was prepared by oxidation of 5 with a ferrocenium salt. These results 
indicate that the tetrayne chain serves as a molecular wire connecting two elec¬ 
tron-rich metal centers. 
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Table 9.4 Synthesis and characterization of linear polyynes L w M(C=C)„ML m end-capped by 
transition metal groups. 


ML„ 

Number 
of C=C 
unit n 

(a) Method of preparation and 

(b) characterization 

Reference 

Fe(C 5 Me 5 ) (dppe)“ b 

4 

(a) Eglinton coupling 

(b) IR, 1 H, 13 C, and 31 P NMR, CV 
(reversible two one-electron oxidations) 

82 

Fe(C 5 Me 5 )(CO)/ 

1-4, 6 

(a) Hay coupling 

(b) IR, *H and 13 C NMR, X-ray (n= 2, 6) 

83 

Ru 2 (dpf) 4 c 

4 

(a) Hay coupling 

(b) IR, X H and 13 C NMR, X-ray, CV 
(irreversible oxidation) 

84 

RulQHsHPPhj/ 

3, 4 

(a) substitution at the metal by acetylenes 
generated in situ 

(b) IR, 3 H NMR, MS 

85 

W(C 5 H 5 )(CO) 3 d 

2, 4 

(a) Hay coupling 

(b) IR, *H and 13 C NMR, MS 

86 

Au(PCy 3 ) ' 

1-4 

(a) substitution at the metal by acetylenes 
generated in situ 

(b) IR, UV/Vis, 1 H, 13 C, and 31 P NMR, MS, 
X-ray (n= 3) 

87 

Re ( l Bu 2 bpy) (CO)/ 

4, 6 

(a) Eglinton coupling 

(b) IR, UV/Vis, X H NMR, MS 

88 

Re(C 5 Me 5 )(NO)(PAr 3 )' , ' s 

4-6, 8, 

10 

(a) Eglinton coupling 

(b) IR, Raman, UV/Vis, J H, 13 C, and 31 P 
NMR, MS, X-ray (n=4), CV (reversible 
two, one-electron oxidations for n=4-6, 8) 

75, 89, 90 

Re(C 5 Me 5 )(NO)(PPh 3 ) b 
Fe(C 5 H 5 )(dppe/ w 

2 

(a) substitution at Fe(ii) by acetylenes 
generated in situ 

(b) IR, UV/Vis, 'H, 13 C, and 31 P NMR, MS, X- 
ray, CV (reversible, two one-electron oxi¬ 
dations) 

91 

Re(C 5 Me 5 )(NO) 

(PPh 2 R)“' ,> 

4 

(a) Eglinton coupling, followed by olefin 
metathesis or intramolecular Eglinton 
coupling 

(b) IR, X H, 13 C, and 31 P NMR, MS 

92 

Pt(Ar) (PAr’ 3 ) 2 ‘ 

4, 6, 8, 
(10, 12) 

(a) Hay coupling 

(b) IR, UV/Vis, 3 H, 13 C, and 31 P NMR, MS, X- 
ray (n=4, 6, 8), CV (reversible two one- 
electron oxidations except for n=8), only 
UV/Vis for n=10 and 12 

93 

Pt(C 6 F 5 )(PAr 2 R) 2 J 

4, 6 

(a) Hay coupling, followed by olefin metath¬ 
esis or phosphine ligand exchange 

(b) 3 H, 13 C, and 31 P NMR, X-ray 

94 


a) dppe = diphenylphosphinoethane 

b) C 5 Me 5 = -pentamethylcyclopentadienyl 

c) dpf = N,N’-diphenylformamidine 

d) C 5 H 5 = ?; 5 -cyclopentadienyl 

e) PCy 3 = tricyclohexylphosphine 

f) f Bu 2 bpy = di-tert-butylbipyridyl 

g) Ar = phenyl, p-tolyl, 4-tert-butylphenyl, 4-biphenyl, cyclohexyl 

h) R = methylene chain 

i) Ar = p-tolyl, pentafluorophenyl; Ar’ = phenyl, p-tolyl 

j) R = methylene chain; Ar = phenyl, p-tolyl, 4-tert-butylphenyl 
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6a rt = 2 
6b n= 4 
6c n =6 



7a n =2 
7b n =3 

A series of diiron complexes 6a-c with (^ 5 -C 5 Me 5 )Fe(CO) 2 endgroups and 
(C=C)„ chains with n = 2, 4, 6 were prepared by Akita et al. [83]. The bond lengths 
determined by X-ray crystallographic analyses of 6a and 6c suggested small contri¬ 
butions by the cumulenylidene forms. The C 12 chain of 6c deviates considerably 
from linearity, with the largest deviation of 8° at the C 2 position. 

Conjugated linear diruthenium complexes 7a and 7b bridged by tetrayne units 
were prepared as models of molecular wires, though 7b was not fully characterized 
[84]. X-ray analysis of 7a revealed significant deviation from linearity, with a Ru¬ 
tin—C bond angle of 163°. The CV of 7a exhibits two irreversible one-electron oxi¬ 
dations with Ai? of 0.31 V, indicating that the first radical cation is efficiently delo¬ 
calized over the system. 

Ruthenium complex 8 with (i 7 5 -C 5 H 5 )Ru(PPh 3 ) 2 endgroups [85], tungsten com¬ 
plex 9 with (i 7 5 -C 5 H 5 )W(CO) 3 endgroups [86], gold complex 10 with Au(PCy 3 ) end- 
groups (Cy = cyclohexyl) [87], all with a (C=C)„ chain up to n = 4, and rhenium 
complexes lla-c with Re(‘Bu 2 bpy)(CO) 3 endgroups (bpy = bipyridine) and polyyne 
bridges of n = 2, 4, 6 have been isolated and characterized spectroscopically [88]. 

Gladysz et al. synthesized a series of redox-active rhenium complexes 12a-g with 
(7/ 5 -C 5 Me 5 )Re(NO)(PPh 3 ) endgroups and polyyne chains (C=C)„ with n = 2, 3, 4, 5, 
6, 8, and 10, and investigated their spectral, structural, and redox properties [75, 
89]. Because of the existence of meso and dl isomers due to the chirality of the rhe¬ 
nium center, however, the longest carbon chain belonging to a structurally fully 
characterizable polyyne - 12c (n = 4) - in this series is rather short. In general, 
the spectral features exhibit constant shifts with increasing chain length. The IR 
stretching frequencies of the NO group, for example, increase from 1630 cm -1 
for 12a to the limit of 1653-1654 cm -1 for 12e-g (n = 6, 8, 10) due to the increasing 
inductive effect of the polyyne group. Not only the wavelengths of the absorption 
maxima but also the molar extinction coefficients increase with increasing chain 
length; t of the longest polyyne 12g approaches 2 X 10 5 m _1 cm -1 . The absorption 
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wavelengths plotted to the empirical equation E exp = a + h/n gave a good linear re¬ 
lationship, yielding a limiting value a of 565 nm for n—>°°, similar to those obtained 
for the linear polyynes with other endgroups. The CV of 12a exhibits reversible two 
one-electron oxidations with A E of 0.53 V, indicating strong communication be¬ 
tween the two metal centers. The redox reversibility and the A E values decrease 
with increasing chain length, implying that the two metal centers become more 
independent. Although it is to be expected that the oxidation potential should de¬ 
crease with increasing conjugation length, the opposite trend was observed in a re¬ 
sult ascribed to predominance of the polyyne chain’s inductive effect over the reso¬ 
nance effect. While in the case of 12a the corresponding radical cation salt 12a + 
PF 6 “ and dication salt 12a 2+ 2PF 6 ” were isolated, attempted chemical oxidation of 
12b (n = 3) and 12c (n = 4) failed, even on changing the ligand to more sterically 
demanding and/or electron-rich phosphines [90]. However, in analogy with the 
successful isolation of radical cation/dication salts of octatetrayne-bridged diiron 
complex 5 and dirhenium complex 12a, chemical oxidation of the mixed iron/rhe¬ 
nium complex 13 afforded the corresponding radical cation salt 13 + PF 6 ” and dica¬ 
tion salt 13 2+ 2PF 6 ", which constitute the first “conjugal” consanguineous family of 
the polyyne complexes [91]. An odd number of electrons in 13 + PF 6 “ is delocalized 
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between the two metal centers. Owing to the antiferromagnetic coupling between 
unpaired spins on the rhenium and iron endgroups in dication 13 2+ 2PF 6 “, the 
singlet cumulenic state is stabilized over the triplet butadiynyl form. In order to 
prepare stable radical cation and dication salts of the rhenium complex with a 
(C=C) 4 linkage, complexes 14 and 15 possessing shielding alkyl chains were pre¬ 
pared by intramolecular Grubbs coupling (ring-closure metathesis) or by intramo¬ 
lecular oxidative coupling of the butadiyne units as the last step of the synthesis 
[92]. However, the corresponding oxidation products have yet to be prepared. 



12a n= 2 
12b n=3 
12c n= 4 
12d n= 5 
12e n = 6 
12f n= 8 
12g n = 10 





Platinum complexes 16a, 16b and 17a-f with long polyyne bridges were also pre¬ 
pared by Gladysz et al. [93]. Polyyne complexes 16a and 16b with (p-tol)Pt[P(p-tol) 3 ] 2 
endgroups (tol = tolyl) and (C=C)„ linkages with n = 4 or 6 were prepared and their 
structures were characterized by X-ray analysis. Attempts to prepare longer homo- 
logues were hampered by the lability of the C g terminal alkyne complex. This prob¬ 
lem was solved by the use of more powerfully electron-withdrawing aryl group on 
the metal. Thus, complexes 17a-d, with (C 6 F 5 )Pt[P(p-tol) 3 ] 2 endgroups and (C=C)„ 
linkages of n = 2, 4, 6, 8, were characterized both spectroscopically and by X-ray 
structural analyses. While the homologues 17e and 17f, with longer polyyne chains 
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(n = 10 and 12, respectively), were also isolated, only UV/Vis spectra were recorded, 
owing to the small quantities obtained. The most striking feature of the X-ray anal¬ 
ysis of the polyyne-bridged platinum complexes is the remarkable bending of the 
polyyne chain observed in the co-crystal of 17c (n = 6: with four benzene molecules 
and one ethanol molecule) with average Pt—C—C and C—C—C angles of 174.6°. In 
contrast, the sp carbon chains of 16a and 17b (n = 4), 16b and a second crystal of 
17c (without solvates, n = 6), and 17d (n = 8) are nearly straight. The slightly S- 
shaped structure of 17d represents the longest structurally characterized polyyne. 
Only one-electron oxidation processes were observed in the CV of 17a-d, with 
decreasing reversibility with increasing chain length. The oxidation potential in¬ 
creases with increasing number of sp carbons, indicating that the HOMO levels 
decrease with chain length in spite of the increasing conjugation. On the other 
hand, the UV/Vis spectra of 17a-f exhibit monotonic bathochromic shifts with in¬ 
creasing chain length. This indicates that the LUMO levels decrease more drama¬ 
tically than the HOMO levels with chain length, making the HOMO/LUMO gaps 
smaller. The absorption spectra also show progressively more intense bands with 
increasing chain length; the e value of 17d (6 X 10 5 m _1 cm -1 ) represents one of 
the most intense polyyne absorptions. 


CH 3 



P(p-tol) 3 (p-tol) 3 P 

1 f v I 

I \ In \ 

P(p-tol) 3 (p-tol) 3 P 


CH 3 


F F P(p-tol) 3 (p-tol) 3 P 

"-Q-p (=)„ f 

F F P(p-tol) 3 (p-tol) 3 P 


F 


F 


16a n =4 
16b n =6 


17a n =2 
17b n=4 
17c n =6 
17d n= 8 
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In order to stabilize charged and/or radical cation species originating from oxi¬ 
dation of polyyne-bridged metal complexes by steric shielding, Gladysz et al. 
synthesized the novel platinum end-capped polyynes 18a-f, some of which have 
double helical methylene chains reminiscent of insulating molecular wires [94]. 
The methylene bridges were introduced either by Grubbs metathesis of the alkenyl 
chain on the phosphine ligand followed by hydrogenation (for 18a (n = 4)) or by 
ligand-exchange reactions of 17b (n = 4) or 17c (n = 6) with long-chain dipho¬ 
sphines (for 18a-f). The structures of the methylene bridges are dominated by 
matching between the lengths of the sp carbon chains and those of the bridges. 
Thus, complexes 18a-c with (C=C) 4 linkages and (CH 2 ) 14 bridges feature double 
helical conformations of the methylene bridges, as revealed by X-ray structure anal¬ 
ysis. On the other hand, the methylene chains in the two polymorphs of 18d with 
shorter bridges ((CH 2 ) 10 ) are not helical: one has a straight bridge laterally shield¬ 
ing the sp carbons and the other has the bridge warped in the same direction ex¬ 
posing the bent polyyne moiety. Two independent molecules are present in the 





18a m = 4, n = 14, Ar = Ph 
18b m = 4, n = 14, Ar =p-tol 
18c m = 4, n = 14, Ar =p-C 6 H 4 Bu f 
18d m = 4, n = 10, Ar = Ph 
18e m = 4, n = 11, Ar = Ph 
18f m = 6, n = 18, Ar = Ph 


crystal of 18f with a (C=C) 6 linkage and (CH 2 ) lg bridges: one with helical and the 
other with nonhelical conformations. The oxidation in the CV of 18a was much 
more reversible than that recorded for 17b without shielding, indicating the forma¬ 
tion of kinetically more stable radical cation species. 


9.5 

Monocyclic Carbon Clusters: Cyclo[n]carbons 

Among the various forms of carbon clusters, monocyclic clusters, known as 
cyclo[n]carbons, have been of considerable interest from many points of view 
and for several reasons, ranging from spectroscopy and theoretical chemistry to 
synthetic organic chemistry [95]. Firstly, in carbon cluster chemistry, little has 
been done towards the spectroscopic determination of the structures of monocyclic 
carbon rings, compared to the extensive studies for the linear forms as described in 
Section 9.2. Secondly, it is likely that monocyclic carbon clusters play a key role dur¬ 
ing the early stages of the mechanism offullerene formation [96], although the me¬ 
chanism has not been clarified. Namely, ample experimental [97] and theoretical 
[98] evidence that has been accumulating suggests that carbon nucleation occurs 
through coalescence of medium-sized carbon clusters, rather than by sequential 
addition of small pieces such as C 2 and C 3 , followed by annealing to form the 
cage structure. Thirdly, cyclo[n]carbons can be regarded as completely dehydroge¬ 
nated derivatives of annulenes. Partially dehydrogenated annulenes had been ex¬ 
tensively studied in association with the Hiickel rule. In addition, many derivatives 
have recently been prepared for purposes involving potential opto-electronic appli¬ 
cations [99]. It is quite natural to ask whether the Hiickel rule is also valid for this 
class of novel ji systems [100], and a number of theoretical calculations have been 
undertaken. However, there still remains controversy regarding the most stable 
geometries of cyclo[n]carbons with 4n + 2 n electrons, particularly for cyclo[18]car- 
bon [101]. In addition, in view of the expected high reactivity of such molecules, it 
might be possible to prepare the hitherto unknown, two-dimensional carbon net- 



9.5 Monocyclic Carbon Clusters: Cyc\o[n]carbons | 411 

work known as graphyne [52], made up of sp and sp 2 carbon atoms, by controlled 
[2 + 2 + 2] cyclotrimerization of the triple bonds of cyclo-C w [95a, 102]. Finally, 
cyclo[n]carbons have been attracting interest as possible interstellar materials. 

Sarre et al., for example, reported, from analysis of ultra-high resolution absorption 
spectra of the diffuse interstellar bands and molecular rotational contour calcula¬ 
tions, that large carbon ring molecules with planar oblate symmetric structures 
(i. e., cyclo[n]carbons) are good candidate sources of these bands [103]. 

In this context, a number of investigations to produce cyclo[n]carbons have been 
undertaken, both from graphite, as described in Section 9.2, and from organic pre¬ 
cursors in order to determine their molecular structures by spectroscopic methods. 

A pioneering project to the synthesis of cyclo[»]carbons from organic precursors 
was initiated by Diederich and Rubin, who first prepared precursor 19, possessing 
three dibenzobicyclo[2.2.2]octatriene units, from which expulsion of three mole¬ 
cules of anthracene in a retro-Diels-Alder sense was expected to generate 
cyclof 18]carbon [104]. The formation of C 18 was indeed observed in the laser-deso¬ 
rption time-of-flight (LD TOF) mass spectra of 19. Attempts to prepare macro¬ 
scopic quantities of C lg were unsuccessful, however. Next, stable dinuclear cobalt 
complexes 20a and 20b, which can be regarded as transition metal complexes of 
C lg and C 24 , respectively, were prepared [104b, 105]. Attempted decomplexations 
of 20a and 20b have also been unsuccessful. The third type of precursor are the 
dehydroannulenes 21a-c, incorporating cyclobutenedione units, which would pro¬ 
duce cyclo[»]carbons by multi-step decarbonylation [97d, 104b, 106]. The formation 
of C 18 , C 2 4 , and C 30 ions, produced by the stepwise loss of carbon monoxide, was 
indeed observed in both positive and negative modes of the laser-desorption (LD) 
Fourier transform (FT) mass spectra of the respective precursors 21a-c. Interest¬ 
ingly enough, C 60 + , which proved to possess the fullerene structure, was formed 
by coalescence between C 30 + and C 30 derived from the precursor 21c. Irradiation 
of 21a dispersed in a low-temperature glass matrix resulted in the formation of 
ketene intermediates and subsequent loss of carbon monoxide. However, definite 
spectroscopic evidence for the formation of cyclof 18]carbon has yet to be obtained 
[104b], 

As stable precursors of cyclocarbons, Tobe and Wakabayashi utilized [4.3.2]pro- 
pella-l,3,ll-triene units, which might generate carbon-carbon triple bonds in a 
retro [2 + 2] sense ([2 + 2] cycloreversion). To this end, dehydroannulenes 22a-c 
and 23a and 23b, annelated with propellatriene units, were prepared as the precur¬ 
sors of cyclo[n]carbons with n = 12, 16, 20, 18, and 24, respectively [107]. 

In the negative mode LD TOF mass spectra of 22a-c and of 23a and 23b, the for¬ 
mation of cyclo[n]carbon anions (n = 12, 16, 18, 20, 24) resulting from the succes¬ 
sive expulsion of the indane fragments from the precursors was indeed observed. 

The structures of the generated carbon cluster anions (C 12 > C 16 , C 18 , C 20 ', and 
C 24 “) were investigated by ultraviolet photoelectron spectroscopy (UPS), the spectra 
being compared with those of the anions generated by laser vaporization of gra¬ 
phite followed by mass selection [22]. From the splitting frequencies due to vibra¬ 
tional excitation of the neutral cyclocarbons produced by detachment of single elec¬ 
trons from the corresponding anions, it was deduced that cyclo[n]carbons with Am 
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carbon atoms (i. e., C ls , C 20 , and C 24 ) should possess polyyne structures with alter¬ 
nating single and triple bonds, while cyclo[18]carbon, with 4m + 2 carbon atoms, 
would have to have a cumulenic structure. 

While UV irradiation of a solution of 23a in THF-d g at 0°C resulted in the for¬ 
mation of polymeric materials, indicating that the intermediates are too reactive 
for characterization by NMR, irradiation in furan afforded three oxanorbornadiene 
derivatives 24a-c, in which one, two, or all three indane units are replaced by furan 
moieties. These results suggest that the [2 + 2] cycloreversion did take place at least 
in stepwise fashion [107b, 107d] However, the limited solubility in conjunction 
with low volatility precluded the isolation of the precursors either in rigid glass 
or in rare gas matrices. 

In contrast, photochemical [2 + 2] cycloreversion was successfully employed in 
the generation of dibenzooctadehydro[ 12 ]annulene (26a), which can be regarded 
as a tetrahydro derivative of cyclo[12]carbon (Scheme 9.3). Annulene 26a was pro¬ 
duced by extrusion of an indane unit from its precursor 25a by UV irradiation and 
was characterized by UV/Vis spectroscopy in a rigid glass matrix at 77 K and by FT- 
IR spectroscopy in an argon matrix at 20 K [108]. Although 26a was too reactive for 
observation in solution, its higher homologue dibenzodecadehydro[14]annulene 
(26b), similarly produced by photolysis of its precursor 25b, was stable enough 
for characterization in solution by NMR spectroscopy [109]. 



25a n = 1 
25b n =2 


h 



26a n = 1 
26b n = 2 


Scheme 9.3 Photochemical [2 + 2] 
cycloreversion of precursors 25a and 
25b to form highly strained dehydro- 
benzoannulenes 26a and 26b. 


In addition to the above precursors containing four-membered rings, those with 
three-membered rings also act as potential precursors of cyclocarbons. Thus, [2 + 1] 
cheletropic fragmentation of “exploded” [w]rotanes such as the cyclic dehydrooligo¬ 
mers of diethynyl[4.4.1]propellatetraenes 27a and 27b with appended fullerene 
moieties have been prepared, and their fragmentation was investigated by mass 
spectrometry [110]. The MALDI TOF mass spectra of 27a and 27b exhibited 
peaks due to the stepwise loss of the fullerene fragments, resulting in the forma¬ 
tion of mono-fullerene adducts of C 15 and C 20 . Observation of cyclocarbons was not 
achieved, however, because of the extensive fragmentation under strong laser 
power. Dehydro-oligomers of 1,1-diethynylcyclopropane such as 28a and 28b, 
from which extrusion of tetramethylethylene or ethylene could form cyclo[5w]car- 
bons, have been prepared. However, it remains to be seen whether these form 
C 30 and C 60 , respectively, by fragmentation in the gas phase [111]. 






27a n = 3 X = (EtOjCCI^OjCkC 

27b n =4 


In the case of the [4.3.2]propellatriene-type precursors 23a and 23b, because of 
the relatively small angle (ca. 90°) between the triple bonds of the diethynyl[4.3.2] 
propellatriene unit, only the cyclic dehydrotrimer 23a and the dehydrotetramer 23b 
were obtained; the larger cyclic dehydro-oligomers such as pentamer and hexamer 
could not be prepared. As new precursors for large-ring cyclocarbons, radialenes 
29a-d, containing bicyclo[4.3.1]deca-l,3,5-triene units, were designed, since the 
C(sp)-C(sp 2 )-C(sp) bond angle of the exo methylene carbon of the diethynylated 
precursor was expected to be nearly 120° [112]. 



29a n = 3 
29b n = 4 
29c n =5 
29d n= 6 
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It was speculated that extrusion of an aromatic fragment (indane) from 29a-d 
should produce the corresponding vinylidenes, which would then isomerize to 
form polyynes as illustrated in Scheme 9.4 for C 36 . Large cyclic dehydro-oligomers, 
such as the pentamer 29c and the hexamer 29d were indeed obtained, together 
with smaller homologues 29a and 29b. The negative mode LD TOF mass spectra 
of 29a-d exhibited peaks due to the corresponding carbon anions (C 18 “, C 2 4 ~, 

C 30 “, and C 36 “) formed by stepwise loss of the aromatic indane fragments. Al¬ 
though no spectroscopic evidence as to the structures of the carbon cluster anions 
produced was provided, it was assumed that these should possess cyclocarbon 
structures based on the relative stability considerations and in view of the results 
of photolysis of acyclic model compounds. In the case of the only weakly observed 
C 36 “, however, the formation of carbon cluster anions of different structures seems 
likely since the monocyclic forms of carbon clusters are most stable within the 
C 10 —C 30 regime only. 



Scheme 9.4 Vinylidene-to-acetylene rearrangement to form cyclo[36]carbon. 


9.6 

Three-Dimensional Multicyciic Polyynes 

Unlike the monocyclic forms of carbon clusters, none of the structures of multicyc- 
lic polyyne-based carbon clusters has been characterized since many structural 
isomers exist, most of them thermodynamically more stable than the polyyne- 
based isomers. Collapse of the polyynes takes place to the more stable forms, pre¬ 
sumably with fullerene-like cage structures. C 60 + , for example, was formed by ion- 
molecule reaction of monocyclic C 30 , cyclo[30]carbon, and it has been shown to be 
identical with the [60]fullerene ion [97d, 106b], An inspiring mechanism for the 
formation of [60]fullerene from a [2 + 2] dimer of C 30 was proposed, consisting 
of sequential ring-formation/-cleavage steps, followed by the spontaneous cycliza- 
tion of the polyyne chains to form the five- and six-membered rings of the [60]full- 
erene cage [97e]. Multicyciic polyynes have attracted considerable interest in this 
respect, in view of their size-selective, and - more intriguingly - structure-selective, 
transformation into the fullerene structures. 
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Inspired by the polyyne cyclization mechanism, Rubin’s and Tobe’s groups inde¬ 
pendently investigated the synthesis of cage-shaped polyynes and their transforma¬ 
tion into [60]fullerene. As an initial step, Rubin et al. prepared C 60 H 18 (30), made 
up of two benzene rings and three C 16 enyne bridges [113]. In the MALDI and 
APCI (atmospheric pressure chemical ionization) mass spectra (negative mode) 
of 30, partial dehydrogenation down to C 60 H 14 “ was observed, suggesting the pos¬ 
sibility of complete dehydrogenation from more highly unsaturated precursors to 
C 60 . The desired precursor C 60 H S (31a), with three C 16 polyyne chains 
(Scheme 9.5), was deemed too reactive for isolation in view of the previous studies 
on the synthesis of linear polyynes as described in Section 9.4. Rubin et al. there¬ 
fore utilized the decarbonylation of cyclophane 32, possessing cyclobutenedione 
units, to generate 31a [114]. As expected, in the negative mode ICR (ion cyclotron 
resonance) LD mass spectrum of 32, not only C 60 H 6 _ but also a strong peak due to 
C 60 “ were observed, suggesting that cyclization of the polyyne chain had taken 
place efficiently, accompanied by dehydrogenation to form the fullerene cage. 

Tobe and Wakabayashi et al., on the other hand, used the [2 + 2] cycloreversion 
strategy to produce polyyne C 60 H 6 (31a) [115]. The positive mode LD TOF mass 
spectrum of the [4.3.2]propellatriene-containing precursor 33a exhibited a peak 
due to C 60 + formed by the loss of six indane fragments and six hydrogen atoms. 
Although C 2 loss down to C 50 + (an observation frequently encountered for carbon 
cluster cations generated by the laser desorption method) was observed, it has not 
yet been confirmed whether or not the structure of the C 60 cation retains the l h 
symmetry of fullerene. Moreover, hexachloro derivative 33b exhibited a very strong 
peak for C 60 + in its positive mode LD TOF mass spectrum, together with weak 
peaks due to C 2 loss and others up to C 120 + , which might be formed by an ion-mo¬ 
lecule reaction of C 60 and the subsequent fragmentation of the dimeric cluster ion. 
The formation of C 60 + is facilitated by electron capture by the chlorine atoms, as 
supported by the observation of a strong Cl“ peak in the negative mode spectrum. 
The negative mode LD TOF mass spectrum of 33a, in contrast with the positive 
mode spectrum, showed the peak due to C 60 H 6 _ , formed by the loss of all indane 
units. The mass spectrum of 33a also showed a small peak due to C 60 anion forma¬ 
tion by spontaneous dehydrogenative removal of all the hydrogen atoms in QoH6 , 
as judged from the isotope distribution. The negative mode LD TOF mass 
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Scheme 9.5 Generation of highly reactive three-dimensional polyynes 31a and 31b from 
precursors 32, 33a, and 33b and their transformation into C 60 fullerene. 



^60 


spectrum of 33b also exhibited a peak due to C 60 C1 6 ”, from which stepwise loss of 
chlorine atoms was observed, leading ultimately to C 60 “. 

Although C 60 and some higher fullerenes are produced on a commercial basis by 
arc-vaporization of graphite or combustion of hydrocarbons [116], it is still impor¬ 
tant to synthesize fullerenes in a rational manner based on the procedures of or¬ 
ganic synthesis, as it should then be possible to construct the carbon cages in 
size-selective and structure-defined manner. It should also be possible to incorpo¬ 
rate heteroatoms in the cage or to encapsulate transition metals in it, giving rise to 
the as yet undiscovered endohedral transition-metallofullerenes. Intensive studies 
in this area directed at the designed synthesis of C 60 have been carried out [117]. 
Recently, Scott et al. succeeded in the synthesis of C 60 by high-temperature pyroly¬ 
sis of a polycyclic aromatic chlorohydrocarbon, during which dehydrogenation/ 
dechlorination took place to form the closed cage [118]. The cyclization of reactive 
three-dimensional polyynes 31a and 31b as described above is a viable alternative 
route to C 60 , even though [60]fullerene has not yet been obtained in a preparative 
scale by this method. It would be useful to extend the method for the size-selective 
formation of small and large fullerenes, because the required polyyne precursors 
should be easily preparable. 
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In view of the recently reported interception of C 50 fullerene as a decachloro de¬ 
rivative C 50 C1 10 [119], many small fullerenes are likely to exist, albeit only in the gas 
phase. Some carbon clusters with magic numbers, such as C 20 and C 36 , have been 
shown to possess fullerene structures when they are produced from specific pre¬ 
cursors or under certain conditions. C 20 fullerene cation, for example, was pro¬ 
duced selectively by field evaporation of carbon nanotubes [120]. Moreover, both po¬ 
sitive and negative ions of [20]fullerene were formed by debromination of polybro- 
minated dodecahedrane under mass spectrometric conditions, the cage structure 
being characterized by UPS [23]. Even though controversy remains regarding the 
structure of C 3S [121], no attempt to produce C 36 from an appropriate organic pre¬ 
cursor has been made so far. Just as in the case of the proposed transformation of 
multicyclic polyyne C 60 H 6 (31a) into [60]fullerene under mass spectrometric condi¬ 
tions, it was assumed that a similar cyclization of polyyne-bridged paracyclophanes 
34a and 34b would give C 3S of D 6h symmetry. Polyynes 34a and 34b are larger 
homologues of the polyyne-bridged [8.8]paracyclophane that has eluded synthesis 
[122], and are generated from the corresponding propellane derivatives 35a and 
35b by [2 + 2] cycloreversion [123]. In the LD TOF mass spectrum of 35a (negative 
mode), the cycloreversion took place cleanly to form C 36 H 8 “ (34a“). Unlike in the 
case of C 60 H 6 “ (31a“), however, subsequent dehydrogenation to afford C 36 ” was 
not observed, which can be ascribed both to thermodynamic (C 36 not as stable as 
C 60 ) and to kinetic (the polyyne chains of 34a are located in remote positions) 
causes. In contrast, the mass spectrum of the octachloro derivative 35b exhibits 
not only the C 36 C1 8 “ (34b“) peak, but also those due to the stepwise loss of chlorine 
atoms down to C 36 “, analogously to the degradation of C 60 C1 6 “ (31b“). Since the in¬ 
tensity of the C 3S ” signal is considerably larger than those of C 36 CT, C 3S C1 2 _ , and 
C 36 C1 3 “, it was assumed that the dechlorination was accompanied by drastic skele¬ 
tal changes, possibly affording C 3S “ with a cage structure, though this remains to 
be confirmed. 



34a X = H 
34b X = Cl 


35a X = H 
35b X = Cl 


The structurally novel precursor 36 possessing an expanded cubane structure 
was prepared by Diederich et al. [124]. While the MALDI TOF mass spectrum (ne¬ 
gative mode) of 36 exhibited only the peak due to [M-OCH 3 ]“ without further frag¬ 
mentation peaks, high-resolution FT-ICR MALDI mass spectra exhibited the peaks 
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due to the stepwise loss of methoxy groups down to the weakly visible peak for 
C 56 “, corresponding to the cubane framework of 36. In addition, strong peaks 
due to C 2 loss from C 56 “ down to C 50 _ were observed, suggesting that the initially 
formed C 56 “ ion rearranged into a fullerene-like structure. In the positive mode, the 
loss of methoxy groups took place more readily. Namely, although C 56 “ was not de¬ 
tected, the fragments due to C 2 loss (C 54 “ to C 50 _ ) and the ions formed by ion-mo¬ 
lecule reactions of these ions (C 10 o~ to C 106 ”) as well as those derived from C 2 frag¬ 
mentation (C 94 “ to C 98 “) were observed. 



Regarding large fullerenes, it is well known that the number of possible geome¬ 
trical isomers increases dramatically with increasing number of constituent carbon 
atoms [125]. It is therefore extremely interesting to see if geometry-selective synthe¬ 
sis is possible under kinetically controlled conditions based on organic transforma¬ 
tions. For C 78 , for example, there are five isomers that satisfy the isolated pentagon 
rule [126], and three of them - with C 2w D 3 , and Qv- symmetry - have been isolated 
[127]. The difference between the distributions of the isomers reported by three dif¬ 
ferent groups was interpreted in terms of the foreign gas pressure, reaction tem¬ 
perature, and carbon atom density, suggesting the kinetically controlled formation 
of the isomers rather than their equilibration [128]. In order to produce [78]fuller- 
ene in size-selective manner, three-dimensional cyclophanes 37a and 37b contain¬ 
ing [4.3.2]propellane units were prepared as precursors of polyynes 38a and 38b, 
respectively [129]. In the negative mode LD TOF mass spectrum of 37a, an intense 
peak due to C 78 H 18 ” (38a“) formed by expulsion of all indane units was observed. 
Only partial dehydrogenation down to C 78 H 14 “ took place, however, the result 
being reminiscent of the case of C 60 H 18 (30). In the case of the hexachloro deriva¬ 
tive 37b, on the other hand, fragmentation of C 78 H 12 C1 6 “ (38b“) formed by the loss 
of all indane fragments from 37b took place to release hydrogen and chlorine 
atoms simultaneously, resulting in the formation mainly of C 78 ” and C 78 FI 2 _ in 
an approximate 1:1 peak ratio. Although the structure of the C 78 ion remains to 
be established, the observed C 2 loss only from C 78 “ (not from C 78 H 2 ”) down to 
C 70 “ and resultant C 2 addition both to C 78 “ and to C 78 H 2 ” are strong indications 
of a fullerene structure for the C 78 “ ion. 
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9.7 

Conclusion 

The field of acetylene-based all-carbon and carbon-rich molecules has attracted in¬ 
creasing interest, owing to the development of novel technologies for their produc¬ 
tion and spectroscopic investigation, which expand the previous limits in every 
respect, and also to novel perspectives and challenges that this research opens, 
particularly for materials chemistry. 
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Shape-Persistent Acetylenic Macrocycles for Ordered Systems 

Sigurd. Hoger 


10.1 

Introduction 

In 1894, Emil Fischer’s “lock and key” principle laid out the basis for what is known 
today as molecular recognition, one of the major areas of supramolecular chemistry [1], 
Supramolecular chemistry, “chemistry beyond the molecule” according to Lehn, can 
be divided into two broad, partially overlapping areas: the field of supermolecules, 
well defined oligomolecular species formed by the association of only a few com¬ 
ponents (e. g., host-guest complexes), and the field of supramolecular assemblies, 
polymolecular entities formed by the spontaneous assembly of a rather large and 
often ill-defmed number of objects into a specific phase (e. g., micelles) [2]. 

Macrocyclic compounds play a special role in supramolecular chemistry and 
especially in the field of supermolecules. Pedersen’s work on crown ethers has 
shown that these macrocycles have properties that cannot be found in their 
open-chain analogues [3]. Besides these rather flexible macrocycles, rigid macro¬ 
cycles have also been well investigated in terms of their synthesis and binding 
properties. Remarkable are Cram’s spherands, which combine the molecular stiff¬ 
ness of Staab’s phenylene rings and Vogtle’s concept of intraannular groups, result¬ 
ing in highly selective and strong binders for metal ions [4-6]. However, the size of 
the rings did not reach the nanometer regime for some time. At the beginning of 
the 1990s, progress in synthetic (metal)organic chemistry and the broad success of 
supramolecular chemistry inspired the investigation of shape-persistent macro¬ 
cycles with larger interiors based on the phenylene-ethynylene backbone [7, 8]. 

This article concentrates on shape-persistent phenylene-ethynylene macrocycles 
with interiors in the nanometer regime, excluding both small rigid cycles and 
large, but rather flexible compounds. In addition, this article focuses on the 
super- and supramolecular chemistry of these compounds, as the synthesis of phe¬ 
nylene-ethynylene macrocycles is presented in Chapter 8. 

The term “shape-persistent macrocycle” means that the building blocks of the 
ring are reasonably rigid and their connections are made in such a way that the 
final structure cannot collapse. A more precise definition can be made through 
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analogy with shape-persistent linear oligomers and polymers, in which the end-to- 
end distance corresponds, on average, to the contour length of the molecular back¬ 
bone of the molecule [8b, 9]. Accordingly, shape-persistent macrocycles have an in¬ 
terior (lumen) d that is, on average, equal to the contour length l of their molecular 
backbone divided by tt (Figure 10.1). 


Figure 10.1 For shape- 
persistent macrocycles the 
following relationship applies: 
<d> = //it [reproduced from 
ref. 8g, with permission]. 



In order to keep these rigid structures tractable, side groups have to be attached 
to the backbone. Their orientation has a strong influence on the compound’s prop¬ 
erties. Macrocycles with an orthogonal arrangement of polar functional groups 
(orthogonal substituents, Figure 10.2, left) are able to form tubular superstructures 
in the solid state [10]. If the polar functional groups point towards the outside (ex- 
traannular substituents, Figure 10.2, second from left) this may result in the for¬ 
mation of a two-dimensional network in the solid state [11]. Shape-persistent 
macrocycles with polar groups pointing towards the inside (intraannular substitu¬ 
ents, Figure 10.2, second from right) can act as host molecules for the recognition 
of appropriate guest molecules by the lock and key principle [12], and shape-persis¬ 
tent macrocycles with an adaptable arrangement of the polar groups can change 
their conformation according to an external parameter (adaptable substituents, 
Figure 10.2, right) [13]. If the conformational change of the macrocycle is influ¬ 
enced by the guest molecule, the binding process resembles the induced fit mechan¬ 
ism [14]. The adaptable functional group orientation requires a low rotational bar¬ 
rier for parts of the molecule, and this, in combination with overall structural rigid¬ 
ity, is a feature fulfilled by the phenylene-ethynylene moiety [15]. 

Experimental evidence of the adaptable nature of para-phenylene moieties in 
shape-persistent phenylene-ethynylene macrocycles was provided by the single¬ 
crystal X-ray analysis of the amphiphilic macrocycle la (Scheme 10.1). Depending 
on the polarity of the solvent from which the crystals were grown, different confor¬ 
mational states could be observed. From THF solution, all non-polar hexyloxy side 
groups point outwards and the phenol OH groups point inside the cavity of the 
macrocycle (these are stacked on top of each other, thus forming large channels). 
In crystals grown from the more polar pyridine, however, the macrocycle adopts a 
conformation in which only two of the polar phenol OH groups point inwards, the 
remaining two being directed outwards [16]. 
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Figure 10.2 Orientations of polar (dark gray) and non polar (light gray) side groups in shape- 
persistent macrocycles and their respective properties or functions. 



la • 6 py 





la - 12THF 


Scheme 10.1 Crystal structures 
(ORTEP drawings) of la-6py and 
of 1 a • 12TH F (top). View down the 
crystallographic b axis of la • 12THF 
showing large channels within the 
crystal (solvent molecules are 
removed) (bottom) [reprinted from 
ref. 16, with permission; copyright 
(2002) American Chemical Society]. 



10.2 

Ordered Systems 

10 . 2.1 

Host-Guest Complexes 

The stiffness of the rigid core in combination with appropriate intraannular bind¬ 
ing sites makes shape-persistent macrocycles ideal candidates for investigation of 
host-guest complexes. 

Sanders et al. investigated macrocycles with porphyrin moieties (e. g., 2) in great 
detail [17]. In contrast with Cram’s spherands, not only metal ions but also clusters 
and organic molecules can be bound [18]. The size of the interior also allows the 
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binding of more than one substrate, and the ability of the macrocycles to catalyze 
Diels-Alder reactions and acyl-transfer reactions (the latter without product inhibi¬ 
tion) has been demonstrated [19]. Recently, even larger porphyrin phenylene-ethy- 
nylene macrocycles were described by Lindsey et al. (3) and Gossauer et al. (4) 
(Figure 10.3) [20, 21]. The porphyrin metal can bind guest molecules with donor 
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atoms such as pyridine derivatives, and multiple N-Zn interactions between the 
rigid hosts and guests result in remarkably high association constants in some 
cases (JQssoc ~ 10 10 m _ 1 ). These self-assembled porphyrin arrays display interesting 
light-harvesting properties and can serve as model compounds for the light-har¬ 
vesting complexes involved in photosynthesis. 

Instead of having the metal center in the macrocyclic backbone and binding a 
nitrogen donor, the macrocycle can contain the donor group and then act as macro- 
cyclic metal ligand (Figure 10.4). Actually, investigation of pyridine-, bipyridine-, 
terpyridine-, and phenanthroline-containing shape-persistent phenylene-ethyny- 
lene macrocycles is a rapidly growing research field [8f, 22-25]. 



Figure 10.4 N-heterocyclic macrocycles 5-7 and their respective metal complexes. 


Several metal complexes of these large ligands have been described, including 
Schliiter’s Ru- (5), Lees’ Re-(6), or Tykwinski’s Ru-complexes (7) [26-28]. In all 
metal-macrocycle complexes the donor atoms of the ring are exocyclically oriented. 
In 5, for steric reasons, and in 6 and 7 they have fixed exocyclic orientations. These 
macrocycles might therefore be viewed as expanded 4,4'-bipyridines with the po¬ 
tential to form porous solid-state superstructures. 

Macrocycles with intraannular polar groups have attained considerable stature in 
the area of host-guest chemistry. In most cases the binding sites of the ring are 
highly preorganized, resulting in guest recognition according to the lock-and-key 
principle. Diederich’s chiral binaphthol macrocycles 8, for example, are able to re¬ 
cognize 1-O-octylglycopyranosides and can even discriminate, albeit only slightly, 
between different anomers [29]. Tobe’s “expanded cyanospherand” 9 binds cations 
such as tropylium or guanidinium, most probably through ion-dipole interactions, 
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whereas the non-cyclic hexameric analogue does not bind such guests [30]. An “ex¬ 
panded spherand” 10 described by Oda et al. binds ammonium ions but not cesium 
ions, a notable difference in comparison with other host molecules such as 18- 
crown-6 that bind both metal cations and ammonium ions of similar size [31]. Ho- 
ger’s adaptable macrocycles 1 bind large tetraamines inside their nanometer-size 
cavities. In contrast with the shape-persistent macrocycles described above, though, 
the orientations of the binding sides are not determined by the ring structure but 
are influenced by the guest molecules, thus recalling the induced fit mechanism 
[32]. 



structure of 11 ■ bis(ethoxycarbonyl)methanofullerene (bottom right) [reprinted from ref. 33b, 
with permission], 

Oda’s cyclic para-phenylene-ethynylene rings have attracted special attention [33]. 
These rings have p-orbitals in the macrocycle plane, whereas the p-orbitals of the 
rings described above are oriented perpendicular to the ring plane. The size of the 
cavity in [6]paraphenyleneacetylene 11 is suitable for the inclusion of C 60 , and Ka- 
wase and Oda et al. have estimated that the association constant for 11 ■ C so is very 
large (X assoc ~ 10 10 m _1 ) at -100 °C in CD 2 C1 2 . In addition, a single-crystal X-ray 
analysis of a stable complex of 11 with bis(ethoxycarbonyl)methanofullerene has 
been reported, and this showed that the benzene rings of 11 were facing the full- 
erene. Recent binding experiments between a carbon nanoring containing two 2,6- 
naphthylene units at diametrically opposed positions in place of the 1,4-phenylene 
units of 11 have shown that these new rings have a selectivity for C 70 over C so . 
An approach towards tailor-made hosts for the separation of higher fullerenes 
and carbon nanotubes is thus now potentially available. 
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10 . 2.2 

Tubular Superstructures in Solution 

As briefly discussed in Section 10.1, macrocycles with orthogonal polar groups can 
form tubular superstructures through functional group interaction. An alternative 
approach towards hollow cylindrical superstructures is the aggregation of shape- 
persistent macrocycles through purely dissipative forces. The solvophobically fa¬ 
vored stacking of large phenylene-ethynylene macrocycles may offer the potential 
not only to create one-dimensional superstructures, but also to form functionalized 
one-dimensional superstructures in which the polar functionality remains free. In 
other words, the functional groups will not be used for the superstructure organi¬ 
zation, but the superstructure formation will be used for the organization of the 
functional groups. In the ideal case, the functional groups will be only marginally 
influenced by the superstructure formation and will be further usable for the re¬ 
cognition of appropriate guest molecules. 

Moore et al. first reported the concentration-dependence of the NMR chemical 
shifts of a series of phenylene-ethynylene macrocycles 12 in chloroform [34]. The 
observed NMR data were analyzed in terms of a monomer-dimer model, it being 
assumed that this process was predominant in solution and that no higher aggre¬ 
gates were formed. Electron-withdrawing substituents (ester groups, 12a) favored 
the aggregation, which was only slightly affected by the length of the aliphatic 
side chain. Vapor pressure osmometry (VPO) studies of 12a in chloroform con¬ 
firmed that higher aggregates were not formed to any significant degree, thus pro¬ 
viding good agreement between the NMR and the VPO studies. Bulky side groups, 
although electron-withdrawing (tert-Bu esters, 12b), inhibit aggregation, most prob¬ 
ably for steric reasons. Electron-donating groups also disfavor the aggregation: 12c 
does not show any concentration-dependence in its NMR signals. As one might ex¬ 
pect, no aggregation was observed for 12a in aromatic solvents such as benzene. 

Since the aggregation depends strongly on the nature of the solvent, more polar 
solvents should, given sufficient macrocycle solubility, favor aggregation through 
increased solvophobicity of the aromatic macrocycle backbone. Compound 12d 
fulfills this requirement, and an aggregation constant of K issoc ~ 1.5 ■ 10 4 m _1 
(equal K-model for indefinite self association) could be observed in acetone, prob¬ 
ably in conjunction with the formation of higher aggregates [35]. Unfavorable elec¬ 
tronic properties have a dramatic effect, however, so 12e has a lower association 
tendency (1.4 • 10 2 m _ 1 ) in the same solvent. Surprisingly, 12d also aggregates in 
aromatic solvents, and its association tendency here exceeds its association 
tendency in chloroform by more than a factor of 20. 

Expanded analogues of the phenylene-ethynylene macrocycles 12 are the pheny- 
lene-butadiynelene macrocycles 13 described by Tobe et al. [36]. These rigid macro¬ 
cycles also tend to aggregate, and 13a has an association constant in chloroform 
four times larger than 12a. Since electron-withdrawing aromatic systems produce 
stronger aggregation tendencies, the behavior of 13a can be attributed to the 
strongly electron-withdrawing nature of the butadiyne group. Electrostatic potential 
calculations are in agreement with this hypothesis, and studies of the temperature 
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Figure 10.6 Selected shape-persistent macrocycles capable of forming aggregates in solution. 














10.2 Ordered Systems | 435 

dependence of the association also show that a larger enthalpy change is responsi¬ 
ble for the observed behavior. Again, if the macrocycles are decorated with sterically 
demanding side groups such as tert-Bu (13b), no aggregation is observed in chloro¬ 
form. Polar solvents also favor aggregation in this case, and the extrapolated asso¬ 
ciation constant for 13c in methanol is of the order of 10 6 m -1 , so the formation of 
nanotubular structures can reasonably be anticipated. Again, contrary to expecta¬ 
tions, aromatic solvents do not prevent aggregation: macrocycles 13a and 13c 
both self-associate in toluene and o-xylene with association constants 
(fC assoc ~ 2.1 • 10 5 m -1 for 13a, K assoc ~ 3 • 10 4 m _1 for 13c, both in toluene) higher 
than those found in chloroform. For the aggregation of 13c in acetone and in to¬ 
luene, analysis of the association data obtained by VPO studies suggests that the 
formation of higher aggregates is more favorable than the formation of dimers, 
suggesting a nucleation mechanism. 

From the finding that electron-withdrawing substituents strongly enhance the 
aggregation, one might expect a high association tendency for 9, because it is 
even more electron-deficient than 13a. However, the NMR signals of 9 are concen¬ 
tration-independent, which can be explained in terms of a non-planar macrocycle 
conformation as a result of the electrostatic repulsion of the intraannular CN 
groups. On the other hand, mixtures of 9 and 13a show concentration dependence 
of the NMR signals of both compounds, indicating the formation of heteroaggre¬ 
gates [30], 

Solvophobic association of large macrocycles decorated with oligoalkyl side 
groups on their exteriors was reported by Hoger and co-workers [37]. In THF 
and in aromatic and halogenated solvents, no concentration dependence of the 
NMR signals was found for macrocycle 14b. In a mixed solvent system containing 
dichloromethane and hexane, the latter a poor solvent for the rigid core of the com¬ 
pound, concentration dependence of the NMR shifts for the macrocycle could, 
however, be observed. Application of a monomer-dimer model indicates that the 
tendency of the macrocycles to aggregate increases with increasing hexane content 
(FC assoc ~ 130 m -1 in dichloromethane/hexane 1:3 and ~ 790 m _1 in dichloro- 
methane/hexane 1:6), but restricted compound solubility in apolar solvents did 
not permit the observation of higher dimerization constants. 

An interesting form of macrocycle aggregation was described by Yamaguchi [38]. 
Cyclic phenylene-ethynylene trimers containing helicene corner pieces aggregate 
in chloroform and benzene, and the aggregation tendency depends on the chirality 
of the helicenes in the macrocyclic backbone. The cycloalkyne (M,M,M)-15 displays 
a higher dimerization constant than the stereoisomeric (M,P,M)-15, and the ten¬ 
dency to aggregate is even lower in racemic mixtures of the macrocycles. Even 
more interesting is the observation that only dimers and no higher aggregates 
are formed. This can be explained in terms of the structure of the dimer, in 
which the two macrocycles are slightly bent toward each other for better stacking, 
while the surfaces above and below the dimer prevent good n-overlap with addi¬ 
tional macrocycles. These observations opened the door to new aspects of macro¬ 
cycle organization [39]. It has been shown that the aggregation of chemically linked 
macrocycles is influenced by the linker moiety. Flexible linkers give rise to very 
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strong intramolecular aggregation (“castagnet structure”), while rigid linkers pro¬ 
duce intermolecular dimer formation. 

Since aggregation of a solvophobic compound is often not observable due to lim¬ 
ited macrocycle solubility, Hoger et al. prepared coil-ring-coil block copolymers 16, 
each containing a rigid macrocyclic core and a periphery of two narrowly dispersed 
styrene oligomers [40-42]. All the block copolymers are readily soluble in THF, to¬ 
luene, and halogenated solvents at room temperature, but the solubility of the 
block copolymers in aliphatic solvents depends strongly on the size of the coiled 
block. While 16a only forms a suspension even in warm cyclohexane, 16b-e are 
quite soluble in cyclohexane at elevated temperatures. Upon cooling, compound 
16b forms a gel at concentrations above 0.5 wt%. Under the same conditions, 
16c rapidly forms a highly viscous solution, as does 16d after several days. All 
block copolymer solutions are strongly birefringent, with the single exception of 
solutions of 16e, which exhibit neither unusual viscosity nor birefringence. The 
birifringence and the viscosities of the solutions are indications of the existence 
of extended surpamolecular structures. Their formation can be explained by the 
different solubilities of the rigid and the flexible parts of the molecule, keeping 
in mind that cyclohexane is a 0-solvent for PS but, unlike THF or toluene, a 
poor solvent for the rigid core. Cyclohexane solutions of 16c were investigated in 
more detail. Dynamic light scattering (DLS) was performed on solutions of 16c 
in toluene and cyclohexane (Figure 10.7, left), revealing that only one species, 
with a hydrodynamic radius of approximately 2 nm, corresponding to the size of 
a simple block copolymer molecule 16c, is present in toluene (Figure 10.8, left). 
In contrast, the light scattering data in cyclohexane indicated the presence of spe¬ 
cies with a broad distribution of hydrodynamic radii around 60 nm, corresponding 
to total lengths of the objects between 250 and 1300 nm and a high “virtual” per¬ 
sistent length of over 100 nm. Additional X-ray scattering measurements indicated 
that the coil-ring-coil block copolymers aggregate in solution into hollow cylinder¬ 
shaped polymer brushes (Figure 10.8, right). 





Figure 10.7 CONTIN-fit: rate distribution of 16c in toluene (---) and in cyclohexane (-) 

at a concentration of 0.11 wt% (left); TEM: C/Pt shadowed film obtained by freeze drying of a 
0.15 wt% cyclohexane solution of 16c (middle); AFM (amplitude picture, 1.5 X 1.5 (am 2 ): film 
obtained by dipping mica into a 0.15 wt% cyclohexane solution of 16c (right) [reprinted from ref. 
40a, with permission]. 
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Figure 10.8 Schematic representation of the aggregation of the coil-ring-coil block copolymers 
(left) into hollow cylindrical brushes (right) [reprinted from ref. 40a, with permission]. 


Further support for the proposed aggregation is provided by an investigation of 
solid samples of 16c prepared under “non-equilibrium conditions” (i. e., by fast sol¬ 
vent evaporation). The transmission electron micrograph (TEM) of a sample ob¬ 
tained by freeze-drying of a cyclohexane solution (Pt/C shadowed film) shows rib¬ 
bons of different widths at the sample surface, the narrowest in the 15 nm range 
(Figure 10.7, middle). Atomic force microscopy (AFM) images of a polymer film on 
mica show long bundles of two or three cylindrical aggregates, together with indi¬ 
vidual aggregates (Figure 10.7, right), the latter having diameters of approximately 
10-15 nm. The dimensions obtained by TEM and AFM correspond well with the 
dimensions obtained by scattering methods and are also in accordance with the 
dimensions of the molecular building blocks. Moreover, surveying of the most 
curved cylindrical object found in the AFM (Figure 10.7, right, white arrow) and 
treating it as a worm-like chain results in a persistence length of approximately 
350 nm for the cylindrical aggregates. It is interesting to note that the aggregate 
formation in these copolymers is hindered neither by the bulky tert-Bu side groups 
nor by the electron-donating ether substituents on the ring. The light scattering 
data also indicate a nucleation mechanism, since only monomeric and high molec¬ 
ular weight aggregates of the block copolymers could be observed. It can be as¬ 
sumed that the oligomeric side groups and their interaction with the solvent (cyclo¬ 
hexane is a 0-solvent for polystyrene) play a more complex role than simply improv¬ 
ing the compound solubility. 

Side group-assisted aggregation was also reported by Tour et al. [43]. As expected, 
17a does not show any concentration dependence of its NMR signals since it is de¬ 
corated with electron-donating substituents. The NMR spectrum of 17b is concen¬ 
tration-dependent, however, and although the association constant is rather small 
(3.7 m _1 in CDC1 3 ), the jr-stacking of the macrocycles is hydrogen-bond-assisted. In 
addition, sliding motions might be reduced, resulting in a larger and better defined 
inner diameter of the stacks. 

In this context it is worth noting that aggregation of macrocycles can also be ob¬ 
served in the gas phase. Hoger et al. described the MALDI-TOF (matrix-assisted 
laser desorption/ionization time-of-flight) mass spectrum of the pure macrocycle 
la (M = 1598 Da). In addition to the molecular ion signal, peaks for dimers, tri- 
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mers, and so forth are also present, each accompanied by peaks representing rings 
that have lost one or more hexyl side chains (Figure 10.9, left; the relative peak in¬ 
tensities depend on the laser power) [44]. In order to confirm that traces of an im¬ 
purity were not responsible for the extra signals in the spectrum, a mixture of the 
two macrocycles la and lb (M = 1851 Da) was investigated (Figure 10.9, right). 
In addition to the signals for the two macrocycles and their clusters with the 
matrix, the signals for the homo-dimers and -trimers as well as the mixed dimers 
and trimers could be observed, undoubtedly a result of aggregate formation in 
the matrix or during the evaporation process. These results show that information 
obtained by MALDI-TOF spectrometry should be verified by an alternative analyti¬ 
cal method. 




Figure 10.9 Mass spectrum of la, showing aggregates of the ring up to the octamer (left). Mass 
spectrum of a mixture of la and lb showing the rings, their clusters with the matrix (1,8,9 tri- 
hydroxyanthracene, M = 226 Da), the dimers of la and lb, and the mixed dimers. Small amounts 
of homo- and mixed trimers are also detectable (right) [reprinted from ref. 44, with permission; 
copyright (1997) American Chemical Society], 


10.2.3 

Thermotropic Liquid Crystals 

Liquid crystals (LCs) based on disk-like or cyclic molecules were first described by 
Chandrasekhar et al. over 25 years ago [45]. Macrocyclic compounds are of special 
interest in this sense because they could form supramolecular channel structures 
were they to adopt a columnar superstructure and the molecular backbone not col¬ 
lapse [46]. The typical design principle of discotic liquid crystals is a rigid core 
structure surrounded by a flexible periphery (Figure 10.10, top left). Therefore, 
shape-persistent macrocycles decorated with a flexible periphery are ideal candi¬ 
dates for this approach towards nanotubular superstructures. Indeed, Moore et al. 
were able to show that cyclic phenylene-ethynylene hexamers such as 18 exhibit 
liquid crystalline behavior [47]. Compounds with ester substituents (18a) showed 
evidence of ordered fluid phases with no clearing point up to 300 °C, most probably 
due to strong intermolecular attraction between the rings (behavior similar to what 
is observed in solution). Macrocycles 18b and 18c exhibit discotic nematic and iso- 
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tropic phases, and 18d, upon cooling from the isotropic melt (I), exhibits a discotic 
nematic (D N ) and discotic columnar phase (D) before it crystallizes (C) at 110 °C (I 
200 D n 144 D 110 C). A detailed study of the columnar phase found that the X-ray 
scattering data matched an oblique net with the lattice parameters a = 27.65, 
b = 51.25 A and q> = 113.56°, with two molecules per mesh (Z = 2) [48]. Subsequent 
experiments showed that 18d could be doped with small quantities (up to 2%) of 
silver triflate without changing the peak positions in the diffraction pattern, indi¬ 
cating that the metal salt was located inside the nanotubes. 


R’ 



19a R' = 0"C 1 b H 37 R 2 = 0"C 3 H 7 
19b R 1 =CH 3 R 2 = 0"C 1a H 37 


Figure 10.10 Design principle of cyclic molecules capable of forming thermotropic mesophases 
(top left); texture of 19b at 200°C between crossed polarizers (bottom right) [reprinted from 
ref. 49, with permission]. 


An interesting structural motive for discotic liquid crystals based on shape-per¬ 
sistent phenylene-ethynylene macrocycles was discovered by Hoger et al. [49]. In 
order to obtain tubular superstructures with larger internal voids, macrocycles 
19a and 19b were prepared. Their thermal behavior was investigated, and it was 
found that only the latter compound exhibits a stable thermotropic mesophase 
(C 185 N d 207 I) (Figure 10.10, bottom right). At first glance, both compounds cor- 
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relate with the design principle of discotic liquid crystals as described above 
(namely, a rigid core surrounded by a flexible periphery), and they differ only in 
the position in which the long, flexible alkyl chains are attached to the ring: at 
the corner elements in 19a and in the middle of the sides of the ring in 19b. In 
order to explain the different thermal behavior of 19a and 19b it was speculated 
that the large internal void might destabilize an ordered fluid phase through the 
frustration between the molecular anisotropy and the empty space inside the 
rings. Since back-folding of the alkyl periphery of 19a is rather improbable, the 
macrocycle interior would have to be filled by the alkyl chains of adjacent rings, 
resulting in competition between orientational correlation and optimal space filling 
that could finally prevent the formation of a stable LC phase. Although 19b should, 
according to Figure 10.10, suffer from the same handicap, single-crystal X-ray anal¬ 
ysis found that the macrocycle can fill the interior with its own alkyl chains and so 
eliminate intermolecular entanglements (Figure 10.11, left). 



Figure 10.11 Crystal structure (ORTEP drawing) of 19b (left). Schematic presentation of the 
arrangement of the alkyl groups in 19b [reprinted from ref. 49, with permission]. 


This is possible because the long alkyl chains in 19b are located at the adaptable 
positions of the ring, and so can point inwards without adopting entropically or en¬ 
ergetically unfavorable conformations. Even more interesting is the finding that 
the topology of 19b is inverted with regard to all discotic liquid crystals described 
so far: a flexible core is surrounded by a rigid periphery (Figure 10.11, right). In 
order to explain the stable LC phase of 19b, the conformation in the LC phase 
was derived from the X-ray data, as it was not known whether the adaptable 
alkyl chains also point inside the macrocycle in the LC phase. Since the side 
group orientation of 19b in the LC phase could not be determined experimentally, 
compound 20 was prepared. In this case, the long intraannular alkyl chains are at¬ 
tached at the corner elements of the ring and cannot rotate outwards. Intraannular 
orientation of the alkyl groups is also observed in the solid-state structure as deter¬ 
mined by single-crystal X-ray analysis (Figure 10.12, middle). Investigation of the 
thermal behavior exhibited a stable nematic LC phase (C 134 N D 159 I), and so 
the question as to whether liquid crystalline macrocycles with inverted topology 
really exist was answered positively [50]. 
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20 


Figure 10.12 Structure of 20 (left), crystal structure (ORTEP drawing) of 20 (middle) and texture 
of 20 at 150°C viewed between crossed polarizers (right). 


In the search for liquid crystalline shape-persistent macrocycles with very large 
and open cavities, derivatives of 19a with increased numbers of flexible segments 
have been investigated. Although 14a and 14b have lower melting points (14a: mp.: 
202-204°C; 14b: mp.: 122-126°C), no stable mesophase could be observed [37]. 
While this can be explained by the hypothesis described above, one might alterna¬ 
tively assume that the balance between rigid and flexible parts of the macrocycles is 
not correct. Filling the compounds’ interiors answered these questions, and inves¬ 
tigation of the thermotropic behavior of 21a and 21b revealed that both exhibit 
stable mesophases with beautiful fan-shaped textures under a polarizing micro¬ 
scope, typical for a columnar order of the molecules (21a: C 93 D 195 I; 21b: C 
82 D 145 I) (Figure 10.13) [51]. These results show that the balance between the 
core dimensions and the flexible periphery in 14 and 21 was correct and supports 
the hypothesis that the internal void in 14 can destabilize a mesophase. The find¬ 
ing that the melting point of 21a is about 30 °C below the melting point of 14b, 
even though the former compound contains additional intraannular polar side 
groups, supports the hypothesis that a large cavity inside the macrocycles can 
act as a physical cross-link [49]. 



Figure 10.13 Structure of 21 (left); texture of 21a (middle, 150°C) and 21b (right, 110°C) 
between crossed polarizers [reprinted from ref. 51, with permission; copyright (2004) American 
Chemical Society], 
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The observed LC phase X-ray powder data for 21a and 21b fit with an oblique net 
with the basal periodicities a = 67.6 and h = 42.5 A and angles between the main 
directions y = 109.6° for 21a and a = 72.6, h = 45.6 A, and y = 98.5° for 21b. In both 
compounds, two stacks of the macrocycles run through one mesh of this oblique 
net (Z = 2), a feature pointing most probably to restricted rotation of the macro- 
cycles within a stack [52]. Advanced solid-state 'H and 13 C NMR investigations of 
21b provided further insight into the molecular dynamics of this macrocycle in 
the liquid crystalline phase. Individual degrees of mobility could be determined 
for different segments in the macrocycle by solid-state NMR, showing the macro- 
cyclic core to be rather rigid in the LC phase, not rotating at kHz or higher frequen¬ 
cies within the column, consistently with the X-ray observations. The substituents, 
in contrast, show significant mobility above the kHz range, and the mobile alkyl 
chains fill the space around the core. 

10.2.4 

Two-Dimensional Organization 

As indicated in Figure 10.2, macrocycles with extraannular polar groups can form 
two-dimensional superstructures in the solid state. As in the case of one-dimen¬ 
sional superstructures, the formation of well defined two-dimensional superstruc¬ 
tures through the use only of non-specific forces is an attractive goal since these 
structures might act as platforms for the construction of ordered supramolecular 
three-dimensional structures (Figure 10.14) [53]. The driving force for the forma¬ 
tion of the two-dimensional pattern is non-specific interaction with an appropriate 
substrate, so functionalized macrocycles should form functionalized two-dimen¬ 
sional superstructures capable of acting as templates for the creation of three- 
dimensional structures by recognition of appropriate guest structures. 



Figure 10.14 Nanostructured (left), nanofunctionalized (middle), and nanofunctionalized 
surface with appropriate guest molecules (right) (schematic). 


A purely dissipative platform for the formation of regular two-dimensional struc¬ 
tures is the surface of highly oriented pyrolytic graphite (HOPG) [54]. One com¬ 
mon technique for investigation of the self-assembled monolayers (SAMs) at the 
interface is scanning tunneling microscopy (STM), which can be performed 
under liquid [55]. STM images for several shape-persistent phenylene-ethynylene 
macrocycles have been reported, including macrocycles such as 23 and 24 
(Figure 10.15), containing heterocyclic building blocks [8d, 25, 37, 51, 56]. 

The brightness of the STM images is related to the level of the detected tunnel¬ 
ing current. Aromatic and conjugated moieties of molecules are known to display 
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14b: R = H 

21a: R = 0(CH 2 ) 3 C00CH 3 



Figure 10.15 STM images of the phenylene-ethynylene macrocycles 23 and 24 (top), and of the 
macrocycles 14b (bottom left and middle) and 21a (bottom right) at the HOPG surface [reprinted 
from refs. 8d, 37, 51, and 56, with permission]. 
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higher tunneling efficiency than aliphatic alkyl segments, so the bright parts of an 
image can be attributed to the shape-persistent backbones of the compounds. Con¬ 
trast within a macrocycle often correlates with the density of the highest occupied 
molecular orbital (HOMO) or of the lowest unoccupied molecular orbital (LUMO) 
of the macrocycle, and may depend on the bias voltage [37, 57]. The molecular di¬ 
mensions observed for the macrocycles 14 and 21 on the graphite surface corre¬ 
spond well with those obtained by single-crystal X-ray analysis of similar macro- 
cycles [13, 16, 49]. 

Computer simulations (performed on the molecular backbone of 14) suggest 
that the macrocycle has (in vacuum) two energetically similar nonplanar geome¬ 
tries: a “boat” and a “chair” conformation. The latter is also often found in the 
solid-state structures of shape-persistent macrocycles. The flat conformation is 
less stable than the nonplanar conformations by about 30 kj mol -1 . When the 
macrocycle is brought into contact with the graphite surface, however, the situation 
changes dramatically. In the nonplanar conformations the macrocycle can not ap¬ 
proach the surface closely, while the macrocycles in the flat conformation can reach 
a minimum distance of 0.4 nm. The calculated difference in the adsorption en¬ 
thalpy is much larger than the differences between the three conformations. The 
calculations thus predict a transition from the nonplanar to the planar conforma¬ 
tion during the adsorption process [37]. 

The degree of ordering on the surface varies from compound to compound and 
is also a function of experimental parameters. A comparison between macrocycles 
14b and 21a shows that the extent of ordering depends on the solvent used for the 
investigations. While 14b forms rather large monodomains on the graphite surface 
(Figure 10.15, bottom left) when adsorbed from either 1,2,4-trichlorobenzene or 
1-phenyloctane, the situation for 21a is more complex. When physisorbed from a 
1,2,4-trichlorobenzene solution, the degree of ordering is often more pronounced 
(although far from ideal) than in images obtained for monolayers physisorbed 
from 1-phenyloctane, although the image resolution is worse. It is assumed that 
the main reason for the lack of long-range order in this case is the balance or com¬ 
petition between kinetically and thermodynamically controlled monolayer forma¬ 
tion. The interplay between solute-solvent interaction and solute-substrate interac¬ 
tion will be an important factor. Each molecule contains twelve long alkyl chains, 
which should result in considerable interaction with the graphite substrate upon 
adsorption (in addition to the interaction between the aromatic cores and the sub¬ 
strate). Even if the molecule is not packed in an ideal fashion, the molecules/sub- 
strate interaction should be large enough to immobilize the molecules on the sub¬ 
strate to some degree, and as such, they could be kinetically trapped. Given that 
1,2,4-trichlorobenzene is a better solvent for the macrocycles than 1-phenyloctane, 
the extent of kinetic trapping should be less in 1,2,4-trichlorobenzene, resulting in, 
on the timescale of the experiment, more long-range ordered systems. 

While these macrocycles have the ability to form well organized monolayers on 
HOPG, the capability to form organized monolayers on other substrates, such as 
gold, is an attractive goal for several applications (sensing, metal deposition, etc.) 
[58]. Attempts to form SAMs of 14b on gold substrates were not successful. One 



10.2 Ordered Systems 


445 


reason for that might be the lack of functionalization needed to bind the macro¬ 
cycle to Au(lll). Since alkanethiols and also alkyl sulfides have been shown to pro¬ 
duce steady SAMs on Au(lll), macrocycle 25 (Scheme 10.2) was investigated. The 
synthesis of 25 is based on the finding that the yield of the desired cyclization prod¬ 
uct can be dramatically enhanced if the bisacetylenes are covalently connected to 
an appropriate template (4,4' -bis(hydroxymethyl)biphenyl) prior to the oxidative 
coupling reaction [59]. The template simultaneously acts as a protecting group 
for the carboxylic acid functionality in this case. 



Cu(l), 

Cu(ll)/py 


Bu 4 NFr 26:R = CPDMS:R ' =THP 
^ 27: R = H; R'= THP 




Scheme 10.2 Synthesis of acetylenic macro¬ 
cycle 25 based on the template approach. 


2-(ethylmercapto)- i— 31: R - OH 
ethylamine/DIC *-► 25: R = NH(CH 2 ) 2 SEt 
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Macrocycle 25 contains intraannular functional groups (amides) and additional 
thioether groups for binding to the Au substrate. The effect of the sulfur functio¬ 
nalization on the adsorption properties of the macrocycle is remarkable, and STM 
images showing an ordered assembly of 25 on single-crystal Au(lll) were obtained 
(Figure 10.16) [60]. The molecules are organized into rows with a width of approxi¬ 
mately 5 nm. X-ray photoelectron spectroscopy and ultraviolet photoelectron spec¬ 
troscopy measurements have been carried out and indicate that some “thiolate- 
like” sulfur is formed on the Au surface, producing an enhanced adhesion strength 
of the monolayer onto the Au. 



Figure 10.16 STM image of macrocycle 25 
adsorbed on Au (111) [reprinted from ref. 60, with 
permission; copyright (2004) American Chemical 
Society], 


These investigations have shown that shape-persistent macrocycles are an excel¬ 
lent tool for the extension of the concept of nano-patterning towards nano-functiona¬ 
lization of the HOPG and Au(lll) surfaces in the multi-nanometer regime. 


10.3 

Conclusions 

The continuously growing interest in well defined nanometer-scale organic mate¬ 
rials during the last two decades has resulted in shape-persistent macrocycles 
being perceived as an interesting class of compounds containing interiors and ex¬ 
teriors that can be addressed separately. The presence of non-functionalized side 
groups at the periphery can provide thermotropic liquid crystalline compounds 
or materials that can aggregate in solution to form either dimers or extended tub¬ 
ular aggregates. If the side groups direct inwards, new liquid crystalline topologies 
not available from disc-like molecules can be attained. 

Macrocycles with functionalized side groups at the periphery allow for the crea¬ 
tion of supramolecular structures through specific interactions with appropriate 
connectors, and macrocycles with intraannular functional groups are host mole¬ 
cules for guest molecules of complementary size, polarity, and functionality. 
Advanced synthetic methods also allow the combination of different (separately 
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addressable) side groups within one macrocycle. The investigation of these com¬ 
pounds is only just beginning, but the potential to create complex ordered struc¬ 
tures based on functionalized shape-persistent phenylene-ethynylene macrocycles 
is clearly recognizable. 


10.4 

Experimental Procedures 

10.4.1 

Deprotection of a CPDMS-Protected Acetylene (26 —> 27) [61] 

Bu 4 NF (1 m in THF, 3 mL) was added to a solution of 26 (0.37 g, 0.13 mmol) in 
THF (15 mL). After three hours stirring at room temperature, the mixture was 
poured into Et 2 0 and water, and the organic phase was separated, extracted with 
water and brine, and dried over MgS0 4 . The solvent was evaporated, and the re¬ 
maining residue was purified by repeated column chromatography over silica gel 
with Et 2 0/PE (1:1) (R f = 0.28) as eluent to give 27 (0.23 g, 76%) as a yellow 
solid. X H NMR (CD 2 C1 2 ): 8 7.50 (d, J = 8.1 Hz, 4 H), 7.35-7.12 (m, 20 H), 7.05 
(s, 4 H), 7.01 (s, 4 H), 5.40 (t, J = 3.1 Hz, 4 H), 5.00 (s, 4 H), 4.41 (t, ] = 6.1 Hz, 
4 H), 3.98 (t, J = 6.5 Hz, 8 H), 3.97 (t, J = 6.3 Hz, 8 H), 3.90-3.78 (m, 4 H), 3.65- 
3.53 (m, 4 H), 3.15 (s, 4 H), 2.75 (t, J = 7.5 Hz, 4 H), 2.31 (s, 6 H), 2.25-2.10 
(m, 4 H), 2.05-1.50 (m, 40 H), 1.07 (t, J = 7.3 Hz, 12 H), 1.06 (t, ] = 7.4 Hz, 
12 H); MS (MALDI-TOF): m/z 2351 [M + Na] + . 

10.4.2 

Template-based Oxidative Cyclodimerization of a Rigid Bisacetylene (27 —> 28) 

A solution of 27 (187 mg, 0.08 mmol) in dry pyridine (20 mL) was added over 96 h 
at room temperature to a suspension of CuCl (1.17 g, 118 mmol) and CuCl 2 
(235 mg, 17 mmol) in pyridine (170 mL). After completion of the addition, the mix¬ 
ture was allowed to stir for an additional day and was then poured into CH 2 C1 2 and 
water. The organic phase was extracted with 25% NH 3 solution, water, 10% acetic 
acid, water, 10% aqueous sodium hydroxide, and brine, and dried over MgS0 4 . 
After evaporation of the solvent to a small amount (about 15 mL), the product 
was precipitated by the addition of methanol and collected by filtration. Purification 
was performed by column chromatography over silica gel with CH 2 C1 2 as eluent 
(R f = 0.30). Compound 28 (151 mg, 81%) was obtained as a slightly yellow 
solid. : H NMR (CD 2 C1 2 ): 8 7.62 (d, J = 8.2 Hz, 4 H), 7.43 (d, J = 8.2 Hz, 4 H), 
7.36-7.33 (m, 4 H), 7.30 (s, 4 H), 7.27-7.24 (m, 4 H), 7.21-7.16 (m, 4 H), 7.09 
(s, 4 H), 7.06 (s, 4 H), 5.44 (t, J = 3.1 Hz, 4 H), 5.08 (s, 4 H), 4.36 (t, ] = 5.6 Hz, 
4 H), 4.03 (t, J = 6.5 Hz, 8 H), 4.01 (t, J = 6.6 Hz, 8 H), 3.94-3.80 (m, 4 H), 3.68- 
3.57 (m, 4 H), 2.75 (tj= 7.6 Hz, 4 H), 2.33 (s, 6 H), 2.23-2.08 (m, 4 H), 2.08-1.50 
(m, 40 H), 1.09 (t, J = 7.4 Hz, 12 H), 1.07 (t, J = 7.4 Hz, 12 H); MS (MALDI-TOF): 
m/z 2348 [M + Na] + . 
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10.4.3 

Deprotection of a Macrocyclic THP-Protected Tetraphenol (28 —» 29) 

p-Toluenesulfonic acid (5 mg) was added to a solution of 28 (122 mg, 0.05 mmol) in 
CHC1 3 (70 mL) and methanol (5 mL). The mixture was stirred for three days with 
exclusion of light. After evaporation of the solvent to a small volume, the residue 
was dissolved in THF, and the product was precipitated by the addition of metha¬ 
nol. After filtration and vacuum drying in the dark, 29 was obtained as a slightly 
yellow solid (100 mg, quantitative) and used as received. 'H NMR (THF d-8): 5 
7.64 (d, J = 8.2 Hz, 4 H), 7.46 (d, J = 8.5 Hz, 4 H), 7.28 (s, 4 H), 7.20-7.16 (m, 
4 H), 7.14 (s, 4 H), 7.10 (s, 4 H), 6.96-6.93 (m, 4 H), 6.92-6.88 (m, 4 H), 5.11 
(s, 4 H), 4.38 (t, J = 5.7 Hz, 4 H), 4.05 (t, J = 6.3 Hz, 8 H), 4.02 (t, J = 6.3 Hz, 
8 H), 2.82-2.68 (m, 4 H), 2.30 (s, 6 H), 2.23-2.10 (m, 4 H), 1.92-1.76 (m, 16 H), 
1.10 (t, J = 7.6 Hz, 12 H), 1.06 (t, J = 7.4 Hz, 12 H); MS (FD): m/z 1988 [M] + . 

10.4.4 

Alkylation of a Macrocyclic Tetraphenol (29 —» 30) 

K 2 C0 3 (2.00 g, 14.5 mmol) was added to a solution of 29 (100 mg, 0.05 mmol) and 
3,4,5-tris(hexadecyloxy)benzyl chloride (255 mg, 0.30 mmol) in dry DMF (50 mL), 
and the mixture was stirred at 60 °C in the dark for three days. The mixture was 
poured into CH 2 C1 2 and water, and the organic phase was separated and washed 
with water and brine, and dried over MgS0 4 . Purification by repeated column chro¬ 
matography over silica gel with CH 2 C1 2 /PE (3:1) as eluent (R { = 0.90) gave 30 as a 
slightly yellow solid (188 mg, 72%). *H NMR (CD 2 C1 2 ): 8 7.62 (d, J = 8.2 Hz, 4 H), 
7.43 (d, J = 7.9 Hz, 4 H), 7.39-7.28 (m, 8 H), 7.22-7.08 (m, 8 H), 7.08 (s, 4 H), 7.05 
(s, 4 H), 6.63 (s, 8 H), 5.07 (s, 4 H), 4.98 (s, 8 H), 4.36 (tj = 5.4 Hz, 4 H), 4.09-3.88 
(m, 40 H), 2.74 (t, ] = 7.6 Hz, 4 H), 2.32 (s, 6 H), 2.24-2.08 (m, 4 H), 1.94-1.65 
(m, 40 H), 1.52-1.16 (m, 312 H), 1.14-1.00 (m, 24 H), 0.94-0.81 (m, 36 H); 
MS (MALDI-TOF): m/z 5341 [M + Ag] + . 

10.4.5 

Hydrolysis of a Macrocycle with Two Intraannular Ester Groups (30 —> 31) 

Aqueous potassium hydroxide (10%, 2 mL) was added to a solution of 30 (80 mg, 
15 gmol) in THF (20 mL). The mixture was heated at reflux for three days. After the 
mixture had cooled to room temperature, hydrochloric acid (10 %, 2 mL) was added, 
and the solvent was removed to a small amount. The residue was dissolved in THF 
and precipitated with methanol. The precipitate was filtered and washed with etha¬ 
nol to give 31 as a slightly yellow solid that was used as received (76 mg, quantitative). 
: H NMR (THF d-8): 5 7.35-7.32 (m, 4 H), 7.29 (s, 4 H), 7.21-7.18 (m, 4 H), 7.17-7.15 
(m, 4 H), 7.14 (s, 4 H), 7.10 (s, 4 H), 6.71 (s, 8 H), 5.02 (s, 8 H), 4.39 (t J= 5.9 Hz, 4 H), 
4.10-3.90 (m, 40 H), 2.67 (t ,J= 7.6 Hz, 4 H), 2.30 (s, 6 H), 2.23-2.11 (m, 4 H), 1.96- 
1.68 (m, 40 H), 1.60-1.20 (m, 312 H), 1.14 (t J = 8.0 Hz, 12 H), 1.11 (t,/= 7.8 Hz, 
12 H), 0.93-0.83 (m, 36 H); MS (MALDI-TOF): m/z 5162 [M + Ag] + . 
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10.4.6 

Formation of a Macrocycle with Two Intraannular Thioether Groups (31 —» 25) 

2-(Ethylmercapto)ethylamine hydrochloride (11 mg, 80 gmol), N-ethylmorpholine 
(18 mg, 160 pmol), and 1 H-hydroxybenzotriazole (10 mg, 80 gmol) were added 
to a solution of 31 (25 mg, 5 pmol) in THF (7 mL). After the mixture had been 
cooled to 0°C, diisopropylcarbodiimide (16 mg, 160 pmol) was added dropwise, 
and the solution was stirred for an additional hour at 0°C and overnight at 
room temperature. The solvent was evaporated, the remaining residue was dis¬ 
solved in a small amount of CH 2 C1 2 , and 25 was precipitated with methanol. Filtra¬ 
tion and washing with ethanol yielded 25 (22 mg, 84%) as a yellow solid. *H NMR 
(CD 2 C1 2 ): 5 7.30-7.26 (m, 4 H), 7.22 (s, 4 H), 7.09-7.06 (m, 4 H), 7.03-6.99 (m, 

4 H), 6.98 (s, 4 H), 6.97 (s, 4 H), 6.96 (br. s, 2 H), 6.54 (s, 8 H), 4.89 (s, 8 H), 

4.34 (t, J = 5.5 Hz, 4 H), 3.99-3.78 (m, 40 H), 3.20-3.09 (m, 4 H), 2.48-2.31 
(m, 12 H), 2.23 (s, 6 H), 2.11-1.96 (m, 4 H), 1.87-1.05 (m, 382 H), 0.84-0.72 
(m, 36 H); MS (MALDI-TOF): m/z 5339 [M + Ag] + . 
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Introduction 

The structural rigidity and electronic conjugation of aryleneethynylenes have made 
them very useful building blocks in the synthesis of both polymers and dendri- 
mers. In addition, the mild conditions used for the coupling of terminal alkynes 
with aryl halides have provided a very convenient synthetic route for the prepara¬ 
tion of the aryleneethynylene-based materials. Interesting electrical and optical 
properties have been discovered for the polymeric and dendritic aryleneethynylenes 
[1-8]. Dendrimers such as 1, for example, have shown efficient light-harvesting 
properties [3]. Energy migration from the phenyleneethynylene units to the 
more conjugated pyrene core results in greatly enhanced fluorescence intensity. 
Linear conjugated polyphenyleneethynylenes such as 2 have shown high efficiency 
in fluorescent sensing [8]. 

In the past few years, our laboratory has used aryleneethynylenes as structural 
units for the construction of optically active dendrimers and polymers. Introduc¬ 
tion of chirality into these materials makes them potentially useful for chiral sen¬ 
sing, asymmetric catalysis, asymmetric electrosynthesis, nonlinear optics, and po¬ 
larized light emission. The chirality in all of the macromolecular aryleneethyny¬ 
lenes prepared in our laboratory is derived from 1,1'-binaphthyl moieties. Enantio- 
merically pure 1,1'-binaphthyl groups are incorporated into these materials either 
as the core of the dendrimers or as the main chain chiral units of the polymers. 
The synthesis and characterization of these materials are summarized here [9]. 
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R = CON( n C 8 H 17 ) 2 




11.2 

Chiral Acetylenic Dendrimers 

As shown in the study of dendrimer 1 [3], the light-harvesting properties of the 
phenyleneethynylenes in these dendrimers generated greatly enhanced fluores¬ 
cence over their small-molecular counterparts. When a molecular receptor is incor¬ 
porated into the core of these dendrimers, these materials should serve as much 
more sensitive sensors for fluorescent quenchers than the corresponding small 
molecules. Incorporation of chirality into the molecular receptor in the dendritic 
core could further make these sensors enantioselective. Enantioselective fluores¬ 
cent sensors may potentially provide a real-time analytical tool for high-through- 
put chiral assay. We thus synthesized dendritic phenyleneethynylenes containing 
enantiomerically pure 1,1'-binaphthyl cores for enantioselective fluorescent 
sensing. 
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Dendrons 3-5 were prepared by Moore’s procedure [3], while the 4,4',6,6'-tetra- 
bromo-1,1'-binaphthyl compounds (S)-6 and (S)-7 were prepared from the enantio- 
merically pure (S)-BINOL (Scheme 11.1) [10]. Since the coupling of the aryl bro¬ 
mides of (S)-6 with the higher-generation dendrons was found to give incomplete 
reactions, the hexyl groups of (S)-6 were converted into the less electron-donating 
acyl groups to make ( S)-7. The aryl bromides in (S)-7 were more reactive than those 
in (S)-6, and coupling of (S)-7 with the dendrons 3-5 in the presence of Pd(PPh 3 ) 4 / 
Cul and subsequent hydrolysis produced the three generations of chiral dendri¬ 
mers (S)-8 to (S)-10 (Scheme 11.1). 

Compounds (S)-8, (S)-9, and (S)-10 were the generation 0 (GO), generation 1 
(Gl), and generation 2 (G2) dendrimers, respectively. The molecular weights of 
these compounds were determined by FAB and MALDI mass spectroscopic ana¬ 
lyses. Table 11.1 summarizes the characterization data of these dendrimers. The 
specific optical rotations of the dendrimers decreased as the generation increased, 
and the molar optical rotation increase was also very small as the molecular weight 
increased by a factor of over four on going from the GO dendrimer to the G2. This 
indicated that the phenyleneethynylene dendrons in these materials did not 
achieve a chiral order to amplify the chiral effect of the binaphthyl core. Consis¬ 
tently with this, all three generations of dendrimers gave very similar CD signals 
(Table 11.2). Two bands were observed in the UV spectra of the dendrimers: a 
stronger band at 250-330 nm and a weaker band at 340-400 nm (Table 11.2). 
From the GO dendrimer to the G2 dendrimer, while the absorption at the short wa¬ 
velength increased about nine fold, little change was observed at the long wave¬ 
length, so the meta-phenyleneethynylene dendrons in these materials were not in¬ 
creasing the conjugation length of the dendrimers. The 13 C NMR spectra of these 
dendrimers showed four alkynyl carbon signals for (S)-8, eight for (S)-9, and 12 for 
(S)-10, consistently with C 2 symmetry of these materials in solution. 
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Scheme 11.1 Synthesis of the chiral dendrimers (S) -8 to (S)-10. 
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Table 11.1 

Characterization data for the chiral dend 

rimers. 




Dendrimer 

Molecular weight by mass 

l«lD 


Molar optical 



analysis (calculated) 

(c = i, cH 2 cy 


rotation [M] 


(S)-8 (GO) 

FAB, 1134.7190 
(M, 1134.7254) 

114.4 


1299 


(S)-9 (Gl) 

FAB, 2385.5 
(M+H, 2384.5) 

67.5 


1609 


(S)-10 (G2) 

MALDI, 4882.5 
(M+H, 4882.0) 

36.2 


1769 


(R)-10 (G2) 

MALDI, 4883.0 
(M+H, 4882.0) 

-36.0 


-1759 


Table 11.2 

CD and UV spectral data for the chiral dendrimers. 




Compounds 

(S)-8 (S)- 9 

(S)-10 

4 

5 


CD [0] 

-1.6 X 10 5 (271) -1.5 X 10 5 (25 5) 
-1.6 X 10 5 (279) -1.0 X 10 5 (281) 

-1.4 X 10 5 (2 5 8) 




(X nm) 

-1.2 X 10 4 (282) 




(CH 2 C1 2 ) 

4.5 X 10 5 (305 ) 4.5 X 10 5 ( 309) 

4.2 X 10 s (312) 





-8.1 X 10 4 (3 63) -9.2 X 10 4 ( 3 63) 

-7.7 X 10 4 (36 3) 




(nm) 

2 92 (8.02 X 10 4 ) 292 ( 3.13 X 10 5 ) 

294 (8.20 X 10 5 ) 

290 (6.79 X 10 4 ) 292 (1.85 

X 10 5 ) 

(e, m ” 1 cm -1 

) 304 (1.04 X 10 5 ) 308 ( 3.52 X 10 5 ) 

310 (9.16 X 10 5 ) 

308 (6.25 X 10 4 ) 310 (2.03 

X 10 5 ) 


3 74 (2.62 X 10 4 ) 3 78 (4.12 X 10 4 ) 

380 (4.44 X 10 4 ) 





The fluorescence spectra of all the dendrimers (4.0 X 10 -8 m in CH 2 C1 2 ) each 
gave a maximum at 421-422 nm and a shoulder at 441 nm when excited at 
310 nm. No emission from the monodendrons 4 and 5 [4: A emi = 348 and 
360 nm; 5: \ emi = 359 and 370 (sh) nm] was observed in the dendrimers. The 
G2 dendrimer (S)-10 emitted four times more strongly than the G1 (S)-9, which 
in turn emitted three times more strongly than the GO (S)-8. The excitation spectra 
of the dendrimers showed that excitation at 310 nm, where the diphenylethynylene 
units absorbed, gave the strongest emissions for all of the dendrimers. These ob¬ 
servations supported an efficient intramolecular energy transfer from the pheny- 
leneethynylene dendrons to the more conjugated core. The fluorescence quantum 
yields of the dendrimers (S)-8, (S)-9, and (S)-10 were 0.30, 0.32, and 0.40, respec¬ 
tively, as estimated with quinine sulfate in 1 n sulfuric acid as the reference. The 
increase in the fluorescence quantum yield as the dendritic generation increased 
might be due to the more restricted rotation around the 1,1'-binaphthyl bond as 
the size of the dendritic phenyleneethynylene substituents increased. 

The G2 dendrimer (S)-10 was used to catalyze the reaction between benzalde- 
hyde and diethylzinc to generate 1-phenylpropanol (11) (Scheme 11.2) [11]. This 
nanoscale material exhibited catalytic properties very different from those of the 
small BINOL molecule. In toluene solution at room temperature, while both den¬ 
drimer (S)-10 and (S)-BINOL gave low enantioselectivity for this reaction, (S)-10 
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was a much more active catalyst than (S)-BINOL. In 24 h, (S)-10 (5 mol%) gave 
98.6% conversion while BINOL (5 mol%) gave only 37% conversion. This experi¬ 
ment demonstrated two features of the dendrimer: (1) that the 1,1'-binaphthyl core 
of this macromolecule was accessible by small organic substrates for catalysis, and 
(2) that the longer dendritic arms of (S)-10 might have prevented intermolecular 
aggregation by the zinc complex generated by reaction between the dendrimer 
core hydroxy groups and Et 2 Zn. Aggregation of the BINOL-zinc complex, formed 
by reaction between BINOL and Et 2 Zn, through intermolecular O-Zn-O bonds 
might have reduced the Lewis acidity of the BINOL-zinc complex, resulting in 
its lower catalytic activity in relation to the macromolecule. When the Et 2 Zn addi¬ 
tion was carried out in the presence of Ti(0‘Pr) 4 , both (S)-10 and BINOL showed 
high enantioselectivity. Compound (S)-10 (20 mol%) in combination with Ti(0‘Pr) 4 
(1.4 equiv.) catalyzed the addition of Et 2 Zn to benzaldehyde with 89 % ee and 100 % 
conversion in 5 h. It also catalyzed the Et 2 Zn addition to 1-naphthaldehyde with 
90% ee, catalytic properties very similar to those of BINOL [12]. This indicated 
that the catalytically active species of the BINOL-Ti(0‘Pr) 4 complex might be mono¬ 
meric in nature rather than the aggregated BINOL-Ti(IV) complex, since the den¬ 
drimer should not be able to form such an aggregated structure through intermo¬ 
lecular interaction of the core. In this catalytic process, dendrimer (S)-10 was easily 
recovered after the reaction by precipitation with methanol. 



OH 



Scheme 11.2 Asymmetric diethylzinc addi¬ 
tion to benzaldehyde catalyzed by (S)-10. 


The fluorescence spectrum of (S)-10 was compared with that of BINOL [13]. 
While a solution of (S)-10 [4.0 X 10 -8 m in benzene/hexane (20:80)] showed very 
intense fluorescence signals, BINOL under the same conditions gave only very 
weak emissions at the base line. The greatly enhanced fluorescence signal of the 
dendrimer made it more suitable than BINOL as a fluorescent sensor for interac¬ 
tion with a molecular quencher. 



The interactions of the dendrimers (S)-8 to (S)-10 with the enantiomers of the 
chiral amino alcohols 12-14 were also studied [13, 14]. These amino alcohols 
quenched the fluorescence of the dendrimers according to the Stern-Volmer equa¬ 
tion: I 0 /I = 1 + K SV [Q]. In the equation, I 0 is the fluorescence intensity of the fluor- 
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ophore, I is the fluorescence intensity in the presence of the quencher, K sv is the 
Stern-Volmer constant, and [Q] is the quencher concentration. Table 11.3 sum¬ 
marizes the Stern-Volmer constants of these dendrimers in the presence of the 
R and S enantiomers of the amino alcohols. As can be seen from the data in 
Table 11.3, the S enantiomers of the amino alcohols generally quenched the fluor¬ 
escence of the dendrimers more efficiently than the R enantiomers, the enantios- 
electivities represented by K sv (S)/K sv (R) being in the 1.04-1.27 range. 


Table 11.3 Stern-Volmer constants (m ') of the dendrimers in the presence of the enantiomers of 
the amino alcohols 12-14. 


Dendrimer 

m- 

and (S)- 72“ 

Ksv (S) 

/k sv m 

(R)- 

and (S)-13“ 

Ksv (S) 
/Ksv (R) 

(R)- 

and (S)-14 b 

Ksv (S) 
/Ksv (R) 

Ksv 

(S) K sv (R) 

Ksv 

(S) K SV (R) 

Ksv 

(S) K sv (R) 

(S)-8 

47 

43 

1.09 

61 

54 

1.13 

305 

253 

1.21 

(S)-9 

63 

57 

1.11 

92 

73 

1.26 

445 

351 

1.27 

(S)-10 

83 

80 

1.04 

90 

82 

1.10 

520 

426 

1.22 

(S)-BINOL c 







111 

109 

1.02 


1 In methylene chloride. The dendrimer concentrations were 4.0 X 10“ 8 m. 

' In benzene/hexane (20:80). The dendrimer concentrations were 1.0 X 10 -6 m. 
c Concentration = 1.0 X 10 4 m. 


The enantioselectivity of the dendrimers was higher than that of BINOL, and the 
enantioselective recognition of the amino alcohols by the dendrimers was also con¬ 
firmed through the use of the enantiomers of the dendrimers to interact with the 
amino alcohols. Dendrimers (S)- and (R)-10, for example, were treated with (S)- 
and (R)-13 in methylene chloride. As shown by the fluorescence quenching con¬ 
stants given in Table 11.4, there was a mirror image relationship, indicating chiral 
recognition, between dendrimers (S)- and (R)-10 in the fluorescence responses to 
the amino alcohol enantiomers. 


Table 11.4 Stern-Volmer Constants (m ') of the enantiomeric dendrimers (S)- and (R)-10 in the 
presence of the amino alcohols (R)- and (S)-13 in methylene chloride. 


Dendrimer 

(Rj- and (S)-13“ 



Ksv (S) 

Ksv (R) 

(S)-10 

90 

82 

(R)-10 

80 

93 


a In methylene chloride. The dendrimer concentrations were 4.0 X 10 8 m. 


Dendrimer (S)-10 had a fluorescence lifetime of 1.6+0.2 nanoseconds, which did 
not change in the presence of various concentrations of (R)- and (S)-14, demon¬ 
strating that the fluorescence quenching of the dendrimer by the amino alcohol 
was due to static quenching. Formation of non-fluorescent ground-state hydro- 
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gen-bonded complexes between the dendrimer core and the amino alcohol was put 
forward as responsible for the static quenching. When the hydroxy groups of den¬ 
drimer (S)-10 were replaced with methoxy groups, no significant fluorescence 
quenching by (S)-14 was observed. The Stern-Volmer constants were found to 
be much larger in the less polar benzene/hexane (20:80) than in methylene chlor¬ 
ide, which was consistent with a stronger tendency to form the hydrogen-bonded 
complexes in the less polar solvents. The Stern-Volmer constants also increased 
significantly as the dendrimer generation increased. Thus, the higher generation 
dendrimers were more sensitive to the quenchers than those of the lower genera¬ 
tion. 


11.3 

Chiral Acetylenic Polymers 

We have incorporated 1,1'-binaphthyl moieties into polyaryleneethynylenes to 
make main-chain chiral conjugated polymers. These materials would be expected 
to have more stable main-chain chiral configurations than those containing only 
side-chain chiral substituents [15]. The stable chiral configurations of these materi¬ 
als may provide advantageous properties in practical applications. The following 
sections discuss our work on the use of p-phenyleneethynylenes, o-phenylene- 
ethynylenes, m-phenyleneethynylenes, and other aryleneethynylenes to couple 
with enantiomerically pure 1,1'-binaphthyl monomers. 

11.3.1 

Chiral Polymers Containing Main-Chain poro-Phenyleneethynylenes 

Two bromine atoms were specifically introduced into the 6,6'-positions of (R)- 
BINOL to give (R)-15 (Scheme 11.3). Treatment of ( R) - 15 with various alkyl halides 
resulted in the formation of monomers (R)-16a-c. Sonogashira coupling of mono¬ 
mers (R)-16a-c with 1,4-diethynylbenzene (17) gave polymers (R)-18a-c [16]. It was 
found that when the shorter alkyl-substituted monomers (R)-16a or (R)-16b were 
used, the resulting polymers (R)-18a and (R)-18b were insoluble in common or¬ 
ganic solvents. Polymerization of the monomer (R)-16c, containing much longer 
octadecyl chains with 17, gave the polymer (R)-18c. As a result of the introduction 
of the long-chain alkyl groups, this polymer was soluble in solvents such as chloro¬ 
form, methylene chloride, and THF. Analysis by gel permeation chromatography 
(GPC) relative to polystyrene standards showed the molecular weight of polymer 
(R)-18c as Mw = 7,400 and Mn = 3,800 (PDI = 2.0). 

The specific optical rotation of monomer (R)-16c was [a] D = 20.5 (c = 1.0, 
CH 2 C1 2 ), and that of polymer (R)-18c was -154.9 (c = 1.0, CH 2 C1 2 ). The large 
change in optical rotation on going from the monomer to the polymer indicated 
very different electronic and steric structures. Coupling of the racemic monomer 
rac- 16c with 17 gave the optically inactive polymer rac- 18c. The molecular weight 
of roc-18c was Mw = 8,500 and Mn = 3,200 (PDI = 2.7). 
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RX 
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OR OR OR OR OR OR 



Polymerization of (R)-16c with 4,4'-diethynylbiphenyl (19) in the presence of 
PdCl 2 /CuI resulted in the formation of polymer (R)- 20a (Scheme 11.4). This poly¬ 
mer was also soluble in common organic solvents. The specific optical rotation of 
(R)- 20a was -158.9 (c = 1.0, CH 2 C1 2 ). GPC analysis of the polymer gave Mw = 9,300 
and Mn = 4,800 (PDI = 1.9). The racemic monomer rac- 16c was also coupled 
with 19 to give rac- 20a. Its molecular weight was Mw = 6,600 and Mn = 3,900 



(R)-16c: R = n C 18 H 37 


OR OR OR OR 
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Another enantiomerically pure 1,1'-binaphthyl monomer (_R)-23 was also pre¬ 
pared (Scheme 11.5). Treatment of (R)-16c with 2-methyl-3-butyn-2-ol (21) gave 
(R)-22, which underwent base-promoted deprotection to form the 6,6'-diethynyl bi¬ 
naphthyl monomer {R)- 23. Polymerization of (R)- 23 with 1,4-diiodobenzene in the 
presence of PdCl 2 /CuI gave polymer (R)-18d, which should have had the same 
structure as (R)-18c. GPC, however, showed its molecular weight as Mw = 
21,000 and Mn = 15,000 (PDI = 1.4), much higher than that of (R)-18c. This 
high molecular weight polymer was still soluble in common organic solvents, 
while its specific optical rotation was [a] D = -278.2 (c = 0.5, CH 2 C1 2 ), significantly 
higher than that of (i?)-18c. We also used Pd(PPh 3 ) 4 to replace PdCl 2 for the poly¬ 
merization of (R)-23 with 1,4-diiodobenzene, which gave polymer (R)-18e. The 
molecular weight of (R)-18e was Mw = 29,000 and Mn = 12,000 (PDI = 2.4). 
When roc-23 was polymerized with 1,4-diiodobenzene, the resulting roc-18e had 
an even higher molecular weight of Mw = 47,000 and Mn = 25,000 (PDI = 1.9) 
and was still soluble in common organic solvents. This demonstrated that the cou¬ 
pling of an aryl iodide with the diethynyl monomer in the presence of Pd(PPh 3 ) 4 / 
Cul was the most efficient polymerization method and gave the polymer of highest 
molecular weight. The specific optical rotation of (R)-18e was [a] D = -272.2 (c = 0.5, 
CH 2 C1 2 ). A large increase in optical rotation was observed on going from the 
low molecular weight polymer (R)-18c to the high molecular weight polymers 
( J?)-18d and (R)-18e, but the optical rotations of the high molecular polymers 
were very similar. 

Monomer {R)- 23 was also polymerized with 4,4'-diiodobiphenyl in the presence 
of PdCl 2 /CuI or Pd(PPh 3 ) 4 /CuI to give polymers (R)-20b and (R)-20c, respectively 
(Scheme 11.5). The molecular weight of (R)-20b was Mw = 29,000 and Mn = 15,000 
(PDI = 1.9), while that of (R)- 20c was Mw = 37,000 and Mn = 18,000 (PDI = 2.1) as 
determined by GPC. Both polymers were soluble in common organic solvents. The 
specific optical rotation of (R)-20b was -250.6 (c = 0.5, CH 2 C1 2 ) and that of (R)- 20c 
was -281.7 (c = 0.18, CH 2 C1 2 ). These values were significantly larger than that for 
the lower molecular weight polymer (R)- 20a. The molecular weights of rac- 20b and 
rac- 20c were Mw = 20,000 (PDI = 1.7) and Mw = 54,000 (PDI = 2.2), respectively. 

OH 





PdCI 2 /Cul or 
Pd(PPh 3 ) 4 /Cul 



Scheme 11.5 

Preparation of monomer 
(R)-23 and its polymeriza^ 
tion with 1,4-diiodoben¬ 
zene and 4,4'-diiodobi- 
phenyl. 


(R)-23: R = n C 18 H 37 


PdCI 2 /Cul or 
Pd(PPh 3 ) 4 /Cul 
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All the polymers 18 and 20 were characterized by 1 H and 13 C NMR spectroscopy. 

In the 13 C NMR spectrum of (R)-18e in CDC1 3 , the two alkyne carbon signals were 
observed at 5 91.9 and 88.9. The alkyne carbon signals of polymer (R)-20c were at 
5 91.1 and 88.9. Thermogravimetric analyses (TGA) of polymers (R)-18e and (R)- 
20c under nitrogen showed that both polymers were very stable. Polymer (R)-18e 
started to lose weight at 396 °C. By 486 °C, it had lost all of its alkyl groups and 
became very stable up to 800 °C. Similarly (R)-20c started to lose mass at 
395 °C. By 540 °C it had lost all of its alkyl groups and showed no further mass 
loss up to 800 °C. 

A laser light scattering (LLS) study of the polymers (R)-20a, (R)-20b, and rac- 20c 
was undertaken. It was found that, in general, the GPC data for the molecular 
weights of these polymers relative to the polystyrene standards were significantly 
lower (by factors of 1.4 to 2.5) than those obtained by LLS (Table 11.5). 


Table 11.5 

Comparison of the 

GPC data for the polymers with the LLS data. 

Polymer 

Mw (CPC) 

Mw (g moP', LLS data) 

(R)-20a 

9,300 

23,000 

(R)-20b 

20,000 

32,000 

rac- 20c 

54,000 

73,000 


From coupling of the naphthyl bromide 24 with 17 and 19 we obtained the 
repeating units 25 and 26, respectively, of polymers (R)-18 and (R)-20 
(Scheme 11.6). The bulky neopentyl groups in these molecules were introduced 
to make them soluble in organic solvents, since the linear alkyl-substituted analo¬ 
gues were insoluble. This was probably because the neopentyl groups could reduce 
the intermolecular packing of these rigid and planar compounds in the solid state. 



Scheme 11.6 Synthesis of the polymer repeating units 25 and 26. 


Table 11.6 summarizes the optical spectral data of the repeating units 25 and 26 
and their corresponding polymers. The electronic absorptions of the polymers were 
very close to those of the corresponding repeating units, indicating that there was 
almost no extended conjugation between the repeating units in the polymers 
across the l,l'-bonds of the binaphthyls. The conjugation of these chiral polymers 
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Table 11.6 Spectral data for the polymers and their repeating units. 



(R)-18e 

(R)-20c 

25 

26 

UV absorption 

238 

234 

236 

236 

Xmax (nm) 

300 

306 (sh) 

290 

296 (sh) 

(CH 2 C1 2 ) 

354 

352 

350 

348 


384 (sh) 


374 (sh) 


Fluorescence 

401 (sh) 

407 (sh) 




419 

420 




461 (sh) 

460 (sh) 




was determined by the conjugation of their repeating units and was independent of 
the polymer chain length. UV and fluorescence spectroscopic studies showed that 
the optically active polymers gave almost the same absorption and emission max¬ 
ima as those obtained from the racemic monomers. The UV absorptions of (R)-18e 
and 25 were also somewhat red-shifted from those of (R)-20c and 26, so the addi¬ 
tional phenyl ring in the repeating unit of polymer (R)-20c might have disrupted 
the planarity of the conjugated units in the repeating unit of polymer (R)-18e, 
giving shorter-wavelength absorption. 

The circular dichroism (CD) spectra of polymers (R)-18e and (R)-20c in methy¬ 
lene chloride were obtained. They showed signals for (R)-18e at [0] (X, nm) = 5.8 X 
10 4 (23 5), -1.8 X 10 4 (262), -1.4 X 10 4 (295 sh), and -1.5 X 10 4 (380), and for (R)- 
20c at [0] (X, nm) = 2.7 X 10 4 (240), -1.3 X 10 4 (262), and -0.6 X 10 4 ( 372). 

A binaphthyl-based polyphenyleneethynylene with much more extended conju¬ 
gation in the repeating units was synthesized [17]. As shown in Scheme 11.7, cou¬ 
pling of (R)-16c with compound 27 gave (R)-28. Base-promoted deprotection of (R)- 
28 gave (R)-29, and polymerization of (R)-29 with 1,4-diiodobenzene in the pres¬ 
ence of Pd(PPh 3 ) 4 /CuI gave polymer (R)-30 containing 54 conjugated tt electrons 
in its repeating unit. The molecular weight of this polymer was Mw = 38,200 
and Mn = 29,000 (PDI = 1.3) as determined by GPC. Four distinctive 13 C NMR sig¬ 
nals, at 5 92.4, 91.2, 90.8 and 88.8, were observed for the alkyne carbons of (R)-30, 
indicating a well defined structure. The specific optical rotation of (R)-30 was [a] D = 
-288.6 (c = 0.5, CH 2 C1 2 ), very close to those of polymers (R)-18d, (R)- 18e, and (R)- 
20c, and suggesting that the polymer chain structure might contribute little to the 
optical rotation and the individual 6,6'-phenyleneethynylene-substituted 1,1'-bi- 
naphthyl unit was the most important factor in determining the optical rotation. 
This prompted a further assumption that there should not be a propagating helical 
chain structure in these polymers, or much bigger difference in the optical rotation 
contributed by the main chain helical structure should be observed. 

The UV spectrum of (R)-30 in methylene chloride showed X max at 238 and 
366 nm. Its fluorescence spectrum gave X emi at 420, 464 and 500 (sh) nm. The poly¬ 
mer rac- 20 [GPC: Mw = 42,000 (PDI = 2.1)], made from the racemic monomer rac- 
29, gave the same spectral data. Comparison of (R)-30 with (R)-18e and (R)-20 in¬ 
dicated red shifts in the absorption and emission maximum peaks, arising from 
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the increased conjugation in the repeating unit of (R)-30. The CD spectrum of ( R )- 
30 in methylene chloride displayed signals at [0] (X, nm) = +4.5 X 10 5 (235), -7.7 X 
10 4 (262), -1.2 X 10 5 (284), +3.9 X 10 4 (3 38), and -2.0 X 10 5 ( 385). The long- 
wavelength CD signals of (R)-30 were much stronger than those of (R)-18e and 
(R)-20. 
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Scheme 11.8 Polymerization of the 
1,1'-binaphthyl crown ether monomer 
rac-31 with 17. 




an insoluble polymer 


32 


Crown ether groups were also introduced into the chiral polyaryleneethynylenes 
[18]. We first attempted the polymerization of 17 with the racemic crown ether 
monomer rac-31 (Scheme 11.8), but the resulting polymer 32 was found to be in¬ 
soluble in common organic solvents. We then synthesized the acetylenic monomer 
33, containing two flexible long-chain alkoxy groups, in order to improve the solu¬ 
bility of the polymer. Polymerization of 33 with the enantiomerically pure mono¬ 
mer (S)-31 in the presence of Pd(PPh 3 ) 4 /CuI afforded the crown ether polymer 
(S)-34 (Scheme 11.9). This polymer was soluble in common organic solvents 
such as THF, chloroform and methylene chloride. GPC analysis gave Mw = 
10,500 and Mn = 5,300 (PDI = 2.0). The 13 C NMR spectrum of (S)-34 gave two mul- 
tiplets at 5 86.1 and 95.5 for the alkyne carbons. The [a] D value for (S)-34 was 120.9 
(c = 0.95, THF) with the opposite sign to the monomer (S)-31 |[a] D = -8.3 (c = 0.95, 
THF)}. The UV spectrum of (S)-34 in methylene chloride gave absorptions at X max = 
240, 296, 334, and 378 nm. This polymer was also strongly fluorescent, with emis¬ 
sion maxima at X emi = 420, 445, and 455 nm when excited at 378 nm in methylene 
chloride. The CD spectrum of (S)-34 gave signals at [0] (X, nm) = -3.72 X 10 5 (23 3), 
1.88 X 10 5 (251), 5.21 X 10 4 (285), -8.86 X 10 3 (349), and 3.46 X 10 4 (398). 

Coupling of the racemic monomer rac-31 with another racemic monomer rac- 29 
gave polymer 35 (Scheme 11.10), with a higher molecular weight than (S)-34. GPC 
analysis showed its molecular weight as Mw = 27,900 and Mn = 11,500 (PDI = 2.4). 
The R groups of monomer rac- 29 made the polymer soluble in organic solvents, 
and the UV spectrum of 35 gave absorption maxima at X max = 246, 300, and 
354 nm. The UV spectrum of (S)-34 had significantly longer-wavelength absorp¬ 
tions than 35 because of the two electron-donating alkoxy groups on the phenylene 




Scheme 11.9 Synthesis of the crown ether polymer (S)-34. (S)-34: R = n Ci 8 H 37 


linkers. These crown ether polymers were prepared for potential applications in 
molecular recognition and chiral sensing. 



Scheme 11.10 Coupling of the crown ether monomer rac-31 with the binaphthyl monomer rac-29 
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11.3.2 

Chiral Polymers Containing Main-Chain ortho-Phenyleneethynylenes 
11.3.2.1. Non-Dipolar Polymers Based on BINOL 

We synthesized the ortho-phenyleneethynylene-based polybinaphthyls for potential 
nonlinear optical applications [19]. As can be seen in Figure 11.1, the repeating 
unit (37) in the ortho-phenyleneethynylene-based polymer 36 contained electron 
donors (D) and electron acceptors (A) across a conjugated tt system. If the aromatic 
rings of the repeating units were assumed to be coplanar, the adjacent repeating 
units linked through the enantiomerically pure 1,1'-binaphthyl bonds should pro¬ 
gressively rotate along the polymer axis to form a propeller-like helical structure. At 
infinite polymer chain length, all the dipole moments of the repeating units would 
be cancelled. Such non-dipolar multipole chiral polymers may have interesting 
second-order nonlinear optical properties. 



Figure 11.1 An ortho-phenyleneethynylene-based chiral polybinaphthyl. 


We first conducted the cross-coupling of enantiomerically pure (R )-23 with 1,2- 
dibromo- 4 -nitrobenzene (38) in the presence of Pd(PPh 3 ) 4 /CuI in refluxing to¬ 
luene to generate polymer (R )-39 (Scheme 11.11). In (R)- 39, because the mononi- 
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tro group on the repeating unit was randomly distributed at positions 1 or 2, the 
net dipole moment would be cancelled as indicated by 36. Polymer (R)-39 was so¬ 
luble in common organic solvents. GPC gave its molecular weight as Mw = 7200 
and Mn = 5100 (PDI = 1.4), while its specific optical rotation was [a] D = -160 
(c = 0.15, CH 2 C1 2 ). The racemic monomer rac -23 was also polymerized with 38 
to give rac -39 with a molecular weight of Mw = 7400 and Mn = 5200 (PDI = 1.4). 



Br. 


Pd(PPh 3 ) 4 , Cul, NEt 3 


Br 


no 2 


toluene, reflux 


38 



(R)-39: R = n C 18 H 37 

Scheme 11.11 Polymerization of (R)-23 with 38 to give polymer (R)- 39. 


When the coupling of (i?)-40, a close analogue of (R)- 23, with 38 was conducted 
at room temperature, (R)-41 was isolated in high yield (Scheme 11.12). This de¬ 
monstrated that the two bromides, para or meta to the nitro groups of 38, had 
very different reactivities, the para -bromide being much more active than the 
meta one. Compound (R)-41 was treated with two equivalents of the monopro- 
tected 6,6'-ethynyl binaphthyl compound (R)- 42, which generated both the al- 
kyne-aryl bromide coupling product and the alkyne-alkyne homocoupling product 
(R)-43. The significant yield of (R)-43 (—50%) indicated that polymer (R)-39 
should contain a mixture of the aryl bromide-alkyne coupling fragments and the 
alkyne-alkyne coupling fragments in the polymer chain. This was consistent 
with the complicated NMR spectrum of (R)-39. 

In order to avoid the above structural complications in the formation of this poly¬ 
mer, l,2-dibromo-4,5-dinitrobenzene (44) was prepared as the ortho-phenylene 
monomer (Scheme 11.13). Because both the bromides in 44 were para to nitro 
groups, this compound was very reactive and could couple with (R)-23 even at 
0°C in the presence of the catalysts. We conducted the polymerization of (R)-23 
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Scheme 11.12 Cross couplings of (R)- 40 and (R)-41 with 38 and (R)- 42, respectively. 


with 44 in the presence of Pd(PPh 3 ) 4 /CuI at room temperature, which gave poly¬ 
mer (J?)-45 with a molecular weight of Mw = 18,000 and Mn = 12000 (PDI = 
1.5) as measured by GPC analysis. The molecular weight of (i?)-45 was signifi¬ 
cantly higher than that of (R)-39 because the reactions of the more active aryl bro¬ 
mides in 44 had suppressed the homocoupling of (R)-23. Both the 3 H and the 13 C 
NMR spectra of (R)-45 showed a polymer much more structurally defined than (R)- 
39. The specific optical rotation of (R)-45 was [a] D = -163.9 (c = 0.16, CH 2 C1 2 ), and 
a powder X-ray diffraction study of (R)-45 indicated that this polymer was com¬ 
pletely amorphous. Polymer rac -45 made from the racemic monomer had a molec¬ 
ular weight of Mw = 14,200 and Mn = 10,000 (PDI = 1.4). 

The repeating unit of polymer (R)-45, compound 47, was synthesized by cou¬ 
pling of 46 with 44 (Scheme 11.14). The high yield (>95 %) of 47 at room tempera¬ 
ture from this reaction and the similarity of the NMR signal distribution of this 
model compound to that of the polymer further supported the structure of (R)- 
45; the two different alkyne carbons of 47 gave 13 C NMR signals at 5 102.0 and 
85.6, while those of the polymer (R)-45 were observed at 8 101.9 and 85.8. The 
UV spectrum of 47 showed X max values of 236, 300, 354, and 406 nm, very similar 
to those of (R)-45 [A max 238, 277 (sh), 309 (sh), 358, and 418 nm]. This was consis¬ 
tent with what had been observed in the comparison of polymers (R)-18e and (R)- 
20c with their corresponding repeating units 25 and 26; that is, there was little 
extended conjugation across the l,l'-bond of the binaphthyl unit. 
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(R)- 45: R = n C 18 H 37 

Scheme 11.13 Synthesis of the ortho-phenyleneethynylene-based chiral polymer (R)-45. 



Several optically active and inactive analogues of polymer (R)-45 were synthe¬ 
sized. Polymer (R)-48, made by coupling between (R)-23 and 3,4,5,6-tetrafluoro- 
1,2-diiodobenzene (Scheme 11.15), had a molecular weight of Mw = 7200 and 
Mn = 5100 (PDI = 1.4). Its specific optical rotation was [a] D = -103 (c = 0.29, 
CH 2 C1 2 ), and its 13 C NMR spectrum gave two major alkyne carbon signals at 
5 101.9 and 79.2. The 19 F NMR also gave two dominant signals at 5 121.2 and 
141.2 and two other very small peaks. The racemic rac -23 was polymerized with 
3,4,5,6-tetrafluoro-l,2-diiodobenzene to give rac-48 [Mw = 7600 and Mn = 5300 
(PDI = 1.4)]. Polymerization of rac -23 with 1,2-diiodobenzene gave the polymer 
rac-49 [Mw = 8100 and Mn 5400 (PDI = 1.5)] which showed four alkyne signals 
in its 13 C NMR spectrum. This indicated that polymer rac-49 contained a mixture 
of different structures, probably due to the competitive homocoupling of rac -23 in 
the cross-coupling polymerization. 
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Polymerization of (R)-29 with 44 at room temperature gave polymer (R)-50, 
which had more extended conjugation than (R)-45 (Scheme 11.16). Polymer (R)- 
50 had a molecular weight of Mw = 10,700 and Mn = 6000 (PDI = 1.8), and its spe¬ 
cific optical rotation was [a] D = -228 (c = 0.13, CH 2 C1 2 ). Compound (R)-29 was also 
polymerized with the mononitro-substituted dibromo monomer 38 to give polymer 
(R)-51, with a molecular weight of Mw = 14,200 and Mn = 6900 (PDI = 2.1) and a 
specific optical rotation of [a] D = -284 (c = 0.14, CH 2 C1 2 ). The corresponding opti¬ 
cally inactive polymer rac- 51 had a molecular weight of Mw = 10,500 and Mn = 
6000 (PDI = 1.8). Polymerization of rac- 29 with ortho-diiodobenzene gave rac- 52 
with a molecular weight of Mw = 11,600 and Mn = 6000 (PDI = 1.8). 

Table 11.7 summarizes the UV and CD spectral data of the propeller-like poly¬ 
mers. Among the polymers, (R)-45 gave the longest-wavelength absorption. Even 
though polymer (R)- 50 had a longer conjugation length in its repeating unit 
than (R)-45, its UV absorption maxima were significantly blue-shifted, indicating 
that the conjugation of the electron donor and acceptor groups in (R)- 50 was 
much weaker than that in (R)-45, which might be due to the much longer dis¬ 
tances between the donors and acceptors in (R)- 50. Polymer (R)- 39, with only 
one nitro group in its repeating unit, gave significantly shorter-wavelength absorp¬ 
tions than polymer (R)-45, with two nitro groups. Polymer (R)-51, with one nitro 
group in its repeating unit but a longer conjugation length than (R)- 39, also 
gave blue-shifted absorptions relative to those of (R)- 39. Although the fluorine 
atoms of polymer (R)-48 have high electronegativity, their strong rr-donating effects 
make them poor electron acceptors, resulting in much shorter-wavelength absorp¬ 
tions for (R)-48 than for (R)-45. Polymers rac- 49 and rac-52 with no electron accep¬ 
tors gave short-wavelength absorptions. All the optically active polymers gave exci- 
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ton coupling CD signals at 230-280 nm, corresponding to their (R)- 1,1 '-binaphthyl 
units. Their major differences were in the long-wavelength region because of the 
different repeating units. 


Table 11.7 Spectral data for the propeller-like polymers. 



(R)-39 

(R)-45 

46 

(R)-48 

rac-49 

(R)-50 

(R)-51 

rac-52 

^max 

234 

238 

236 

262 

236 

234 

232 

234 

(nm) 

295 (sh) 

277 (sh) 

300 

278 

276 

296 

296 

302 


346 

309 (sh) 

354 

344 

340 (sh) 

346 

362 

342 


380 

358 

406 








418 







[0] 

2.19 X 10 s (235) 

2.68 X 10 s (234) 


2.38 X 10 s (237) 


2.29 X 10 5 (2 34) 



(X, nm) 

-5.42 X 10 4 (264) 

-1.40 X 10 s (277) 


-2.14 X 10 5 (284) 


-4.63 X 10 4 (264) 




4.82 X 10 3 ( 351) 

9.14 X 10 3 ( 3 56) 


-2.38 X 10 4 (381) 


-6.56 X 10 4 (2 96) 




-5.05 X 10 3 (3 96) 

-9.71 X 10 3 (419) 




-2.78 X 10 4 ( 383) 
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The fluorescence of the polymers was studied. The nitro-substituted polymers all 
showed either very weak or no fluorescence signals, but polymers rac -49 and (R)-/ 
rac- 48 gave very strong fluorescence signals in the 420-460 nm range. Electron 
transfer between the donors and acceptors in the nitro-containing polymers 
might account for the quenched fluorescence. 

The molecular weights of the polymers were studied by laser light scattering 
(LLS) and compared with those determined from the GPC data. It was found 
that the LLS data were in general —20% higher than those obtained by GPC, al¬ 
though the LLS molecular weight of polymer (R )-39 was as much as three times 
larger than its GPC molecular weight. This indicated that the polystyrene stan¬ 
dards used in the GPC analysis had three-dimensional structures very different 
from that of (R)- 39. 

Differential scanning calorimetry (DSC) analysis of the polymers showed that 
polymers (R)-/rac- 39, (R)-/rac- 45, (R)- 50, (R)-/roc-51 and the repeating unit 46 
each had a highly exothermic decomposition point at 176-202 °C (AH = -58 to 
-113 J g -1 ). To account for the decomposition of these polymers, an enediyne cycli- 
zation (the Bergman cyclization) was proposed (Scheme 11.17) [20]; Bergman cycli- 
zation of ortho-diethynyl benzene (53) was observed at 191 °C in chlorobenzene in 
the presence of 1,4-cyclohexadiene [20c]. Polymers (R)-/rac -48 and roc-52 showed 
much smaller heat release, with AH = -16 to 36 J g _1 . This suggested that these 
polymers had much smaller amounts of the enediyne fragments in their polymer 
chain because of the homocoupling of the binaphthyl monomers as shown in the 
formation of (R)- 43. In an extreme case, polymer roc-49 did not decompose up to 


300 °C. 



o 2 n no 2 



53 


Scheme 11.17 Proposed thermal decomposition of (R)-45 and the Bergman cyclization. 
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TGA analyses of the polymers showed that all of these materials started to lose 
5 % of their masses at 310-380 °C. The polymers with nitro groups decomposed at 
lower temperatures than those without nitro groups. After these polymers had lost 
their alkyl groups, they were very stable from 500 °C to 800 °C. 

11.3.2.2 Dipole-Oriented Polymers Based on BINOL 

In polymer (R)-39, because of the randomly distributed N0 2 groups at 
positions 1 and 2 of the repeating units, dipole moments should cancel at infinite 
polymer chain length. If the N0 2 in polymer (R)-39 were incorporated specifically 
at only one of the positions 1 or 2 over the entire polymer chain, as shown in (R)- 
54, the dipole moment of the repeating unit would tilt toward only one direction of 
the polymer chain, resulting in a large collective dipole moment (Figure 11.2). 



the dipole unit the vector sum of large dipole moment sum 

> the two dipole moments along the polymer axis 

Figure 11.2 Structure of the dipole-oriented polymer (R)-54. 


In order to synthesize polymer (R)-54, an AB monomer was prepared as shown 
in Scheme 11.18 [21]. Compound {R)- 55, containing two different alkyne protect¬ 
ing groups, triisopropylsilyl and trimethylsilyl, was prepared. Removal of the tri¬ 
methyl silyl group of (R)-55 with base gave (R)- 56, and treatment of (R)-56 with 
3,4-diiodo-1-nitrobenzene at -10 to 0 °C in the presence of Pd(PPh 3 ) 4 /CuI, followed 
by deprotection with Bu 4 NF, gave a mixture of the desired AB monomer (R)-58 
(53%) and the bisbinaphthyl compound (R)-59 (21%). 
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Monomer (R)- 58 (0.24 m) was polymerized at 60 °C in the presence of Pd(PPh 3 ) 4 / 
Cul in Et 3 N and THF (Scheme 11.19). Polymer ( J?)-54 was obtained with a molec¬ 
ular weight of Mw = 34,000 and Mn = 17,000 (PDI = 1.97). 



RO OR 



Scheme 11.19 Homopolymerization of the AB monomer (R)-58. 


The 13 C NMR spectrum of (R)- 54 gave four alkyne carbon signals at 5 100.2, 97.0, 
87.4, and 86.6, the specific optical rotation of the polymer was [a] D = -197.6, and 
the UV spectrum of (R)- 54 was found to be very similar to that of monomer (R)- 
58, with A max = 250, 300, 354, and 390 nm. This demonstrated that the conjugation 
of the polymer was determined by the nitro-alkoxy push-pull conjugated system in 
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the repeating unit. The CD spectrum of the polymer gave strong Cotton effects at 
[0] (X, nm) = 2.7 X 10 5 (2 32), -1.6 X 10 5 (271 sh), -1.8 X 10 5 (282), 1.9 X 10 4 (3 50), 
and -1.8 X 10 4 ( 387). DSC analysis of ( J?)-54 showed an irreversible exothermic 
peak at 209 °C (AH = -90.2 J g _1 ), which might be due to the Bergman cyclization 
of the ene-diyne fragment in the polymer chain as shown in Scheme 11.17. TGA 
analysis showed that (R)-54 lost its hexyl groups from 300 °C to 474 °C, and the 
decomposition then became very slow up to 800 °C. 



Scheme 11.20 Homocoupling of (R)-58 to macrocycles. 


When the concentration of (R)-58 was reduced from 0.24 m to 0.064 m under the 
polymerization conditions, three macrocycles - (R)-60 (34%), (R)-61 (18%), and 
(R)-62 (12 %) - were formed and isolated (Scheme 11.20). Each of them was char¬ 
acterized by NMR and mass spectroscopic analyses, and Table 11.8 gives the UV 
absorption and optical rotation data of the macrocycles, which are dipolar, quadru- 
polar, and octupolar materials. All the macrocycles had similar UV absorptions and 
optical rotations, but although the UV absorptions of the macrocycles were also 
very close to those of polymer (R)-54, the specific optical rotations of the macro¬ 
cycles were much larger. 
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Table 11.8 UV absorptions and specific optical rotations of macrocycles (R)-60 to (R)-62. 



(R)-60 

(R)-61 

(R)-62 

^max (nrn) 

254 

236 

234 


286 

286 

286 


342 

346 

344 


390 

388 

384 

[«] D (CH 2 C1 2 ) 

-301.3 

-282.3 

-297.0 


11.3.2.3 1,1'-Binaphthyl-2,2'-diamine-Derived Polymers 

We also used l,l'-binaphthyl-2,2'-diamine ((J?)- 63) to prepare propeller-like poly¬ 
mers, as amine groups are stronger electron donors than alkoxy groups [22]. 
Scheme 11.21 shows the conversion of (R)- 63 into the desired monomer (R)- 66. 
Acylation of {R)- 63 followed by reduction gave (R)-64. The 6- and 6'-positions of 
(R)- 64 were specifically brominated by treatment with "Bu 4 NBr 3 to give (R)- 65, 
and coupling of (R)- 65 with triisopropylsilylacetylene followed by methylation 
and desilylation gave monomer (R)- 66. The two alkyl groups were introduced 
onto the nitrogen atoms of (R)- 66 in order to make the subsequent polymer 
more soluble and stable. 



nh 2 n C 5 H 11 COCI 
NH2 pyridine 



NHCOCsHu LiAIH 4 
NHCOCsHn * 



NHR n Bu 4 NBr 3 
NHR ‘ 



(R)-64: R= n C 6 H 13 


(R)-65 




NMeR 



Scheme 11.21 Synthesis of the binaphthyldiamine-based monomer (R)-66. 


Polymerization of (R)- 66 with 44 in the presence of Pd(PPh 3 ) 4 and Cul gave poly¬ 
mer (R )-67 (Scheme 11.22). GPC analysis of (R )-67 gave Mw = 23,500 and Mn = 
12,400 (PDI = 1.9), while the alkyne carbon signals in the 13 C NMR spectrum of 
(R )-67 were multiplets at 5 102.5 and 86.1. 

Heck coupling between (R)-68 and 69 in the presence of Pd(OAc) 2 and Cul re¬ 
sulted in the formation of polymer (R)-7 0, containing double bonds rather than tri¬ 
ple bonds (Scheme 11.23). The molecular weight of this polymer was Mw = 2800 
and 1900 (PDI = 1.45), much smaller than that of (R)- 67. 
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(R)-68: R = n C 6 H 13 


,N0 2 Pd(OAc) 2 , P(o-tolyl) 3 , Cul, NEt 3 

s no 2 


DMF, BHT 


69 



The UV and CD spectral data of the binaphthylamine-derived polymers (R)-67 
and (R)-70 were compared with those of the BINOL-derived polymer (R)-45, as 
shown in Table 11.9. The amine groups in polymer (R)-67 were much stronger 
electron donors than the alkoxy groups in (R)-45, and so the push-pull conjugation 
between the donors and acceptors in the repeating units of (R)-67 should be stron¬ 
ger than that in (R)-45, resulting in the large red shifts of the UV absorptions from 
(R)-45 to (R)-67. Polymer (R)-70 had further red-shifted absorptions over those of 
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Table 11.9 Comparison of the spectral data for polymers (R)-67 and (R)-70 with those for 
polymer (R)-45. 



(R)-67 

(R)-70 

(R)-45 

^max (nm) 

272 

254 

238 


324 

308 

277 (sh) 


383 

400 

309 (sh) 


470 

486 

358 




418 

[0] (>W nm) 

2.30 X 10 5 (220, sh) 

1.86 X 10 5 (22 3) 

2.68 X 10 5 (2 34) 


-1.18 X 10 5 (286) 

-5.68 X 10 4 (278) 

-1.40 X 10 s (277) 


1.50 X 10 3 ( 3 7 7) 

-1.49 X 10 4 (3 5 6) 

9.14 X 10 3 (356) 


-1.70 X 10 4 (409, sh) 

4.74 X 10 3 (415) 

-9.71 X 10 3 (419) 


-1.40 X 10 4 (469, sh) 

-3.34 X 10 4 ( 503) 



(R)-67 because the 7t-electrons of the double bonds in (R)-7 0 were more polarizable 
than those of the triple bonds in (R)-67. The CD signals of (R )-67 were very similar 
to those of (R)-45, indicating similar stereostructures, while the long-wavelength 
CD signals of (R)-70 were very different from those of (R)-67, the vinylene-based 
polymer being structurally very different from the ethynylene-based polymer. 


11.3.2.4 Nonlinear Optical Study of the Polymers 

In order to study the nonlinear optical properties of the chiral polymers, Lang- 
muir-Blodgett (LB) films of the optically active polymers (R)-45, (R)-67, (R)-70, 
and (R)-71 were prepared (Figure 11.3) [23]. Dilute chloroform solutions of these 
polymers were spread on water, and after evaporation of the solvent, the monolayer 
was compressed to form LB films with thicknesses of between one and eight 
monomolecular layers. The second harmonic response (SHG) of the films were 
measured with a Q-switched Nd:YAG laser (10 ns, 50 Hz, 1064 nm). The films 
of polymers (R)-45, (R)-71, and (R)-70 were of very good optical quality, but 
those of polymer (R)-67 were poor, since large holes were visible. The long-chain 
alkyls of (R)-45 and the double bonds of (R)-71 and (R)-70 were therefore very 
good for generating high quality films because they introduced more structural 
flexibility. 

It was found that the maximum SHG intensities from the two polymers (R)-45 
and (R)-71 were very weak. In addition, the SHG signals of polymer (R)-71 decreased 
to 75 % of their initial values within minutes because of the instability of this poly¬ 
mer upon irradiation by the infrared laser light. Polymer (R)-67 showed a maximum 
SHG intensity a factor of 50 higher than those of polymers (R)-45 and (R)-71 even 
though the LB films of (R)-67 were of poor optical quality. This was attributed to the 
more strongly electron-donating amine groups in (R)-67. Replacement of the triple 
bonds of (R)-67 with double bonds resulted in high quality films of (R)-70. This 
polymer showed SHG signals four times as efficient as (R)-67 and 200 times as 
efficient than (R)-45 and (R)-71. Through analysis of the polarization dependence 
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of the SHG, the tensor components of the nonlinear susceptibility Xijk* 2 ' were deter¬ 
mined for polymer (R)-70 (Table 11.10). Although the second order susceptibility 
values in Table 11.10 were resonantly enhanced, they demonstrated that this opti¬ 
cally active polybinaphthyl was a new class of promising NLO material. The chirality 
of the LB films was reflected by the xyz component of 2 pm V -1 . 


Table 11.10 The second order susceptibility [Xijk* 2 *] of polymer (R)-70. 


Second order susceptibility component 

Absolute value (pm V') 

Chirality classification 

xyz 

2 

chiral 

xxz 

7 

achiral 

zxx 

5 

achiral 

zzz 

35 

achiral 


These polymers also displayed different second harmonic efficiency when they 
were irradiated with left- and right-handed circularly polarized light [23b]. The ex¬ 
periments were conducted on LB films of (R)-45 by spreading the chloroform solu- 
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tion of the polymer on water. The thickness of the films was 10 X-type layers with 
an absorption maximum at 430 nm. The fundamental beam of a Q-switched and 
injection-seeded Na:YAG laser (1064 nm) was used to pump the chiral LB films 
with a 45° angle of incidence with respect to the sample. The fundamental 
beam was initially p-polarized with respect to the films and the polarization was 
varied by a quarter-wave plate. The signals of the s- and p-components of the trans¬ 
mitted second harmonic fields were detected and showed significant circular differ¬ 
ence responses. These circular difference (CD) effects can be represented by the 
following equation: AI/I = 2(I t - I r )/(I] + I r ), where f and I r are the intensities of 
the second harmonic light generated when the fundamental beam is left- or 
right-handedly circularly polarized. The second harmonic CD effect for (R)-45 
was 65 %, orders of magnitude higher than the linear circular dichroism effect 
(Ae/e) in solution. Second harmonic CD effects between 25 and 60% were also 
observed for other chiral polymers of this class. 

11.3.3 

Chiral Polymers Containing Main-Chain metn-Phenyleneethynylenes 

The meta -dibromo phenylene monomer 72 was polymerized with (_R)-23 in 
the presence of Pd(PPh 3 ) 4 /CuI at room temperature to afford polymer (R)-7 3 
(Scheme 11.24) [19]. The molecular weight of {R)-7 3 was Mw = 30,500 and Mn 
= 16,300 (PDI = 1.9), and its 13 C NMR spectrum gave two singlets at 5 83.9 and 
77.2 for the alkyne carbons. The polymer rac-73 was prepared by coupling bet¬ 
ween rac- 23 and 72 and had a molecular weight of Mw = 20,000 and Mn = 12000 
(PDI = 1.6). 



(R)-23: R= n C 18 H 37 





0 2 n no 2 

(R)- 73: R="C 18 H 37 

Scheme 11.24 Polymerization of (R)- 73 with the meta-phenylene linker 72. 


/ 
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Compound 74 (Scheme 11.24) was synthesized as the repeating unit of the poly¬ 
mer by treatment of 46 (Scheme 11.14) with 72. The UV spectra of both polymers 
gave X max at 256, 284 (sh), 359 (sh), and 442 nm. The model compound 74 showed 
X max at 244, 282, 354, and 430 nm, similarly to the polymers. These UV absorption 
wavelengths were significantly longer than those seen in polymer (R)- 45, with ortho- 
phenylene linkers. This is because each of the alkoxy donors of {R)-7 3 is in conjuga¬ 
tion with both the para- and the ortho -nitro groups in the polymer repeating unit. 
Conversely, each alkoxy donor in (R)-45 can conjugate with only one of the two nitro 
groups. The stronger push-pull conjugation in (R)-7 3 resulted in much longer- 
wavelength absorptions. The CD spectrum of (R)-7 3 in methylene chloride showed 
[0] (X, nm) = 2.53 X 10 5 (2 38), -1.16 X 10 5 (270), and -3.11 X 10 4 (470). 

A DSC plot of {R)-7 3 gave a highly exothermic chemical decomposition at 154 °C 
with AH = -359.6 (J g _1 ). For rac-7 3, the decomposition was also observed at 154 °C 
with AH = -447.9 (J g _1 ). For the repeating unit 74, decomposition was observed at 
the much higher temperature of 226 °C, with AH = -466.4 (J g _1 ). The heat released 
from the decomposition of (R)-73 was ca. four times that from (R)-45, indicating a 
very different decomposition reaction. An intramolecular double cyclization was 
proposed to account for the decomposition of {R)-/rac-7 3 and 74 (Scheme 11.25). 



74 



OR 


Scheme 11.25 A proposed decomposition pathway for the repeating unit of the meta-phenyle- 
neethynylene-based polymers. 


11.3.4 

Chiral Polymers Containing Main-Chain Thienylene-Ethynylenes 


We have also incorporated thiophenes into 1,1'-binaphthyl-based arylene-ethyny- 
lene polymers [24]. Scheme 11.26 shows the syntheses of the thienylene-ethynylene 
monomers 75 and 76. 

TMS^ 

O-i Pd(PPh3)4 ’ CUl - Q = Q nBuLi/THF -Y°s c Q _ Q C '°^~ 

s TEBAC, NaOH (2.5 N) s s Vo / /'O' s S "0'\ 

C 6 H 6 ,40°C >C o :B- 0-\ y5 



n BuLi/THF 

h 




BifeSn^ 


Scheme 11.26 Synthesis of the thienylene- 
ethynylene monomers. 


Q-s 


Pd 2 (dba) 3 , *Bu 3 P 
CsF, THF 


76 
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Compound 76 was not very stable in air over time and so was prepared imme¬ 
diately prior to its subsequent polymerization. Suzuki coupling between 75 and the 
binaphthyl monomer (R)-77 gave polymer {R)-7 8 (Scheme 11.27). GPC showed its 
molecular weight as Mw = 7500 and Mn = 3000 (PDI = 2.5). 



Heck couplings of ( R)-77 and {R)-7 9 were also conducted, giving polymers (R )-80 
and (R)-81, respectively (Scheme 11.28). BHT was added to inhibit the radical poly¬ 
merization of 76 in this reaction. 

The molecular weight of (R )-80 was Mw = 12,000 (PDI = 2.4) and that of (R)-81 
was Mw = 11,800 (PDI = 2.5). The presence of different halogen atoms and alkyl 
chains between monomers (R)-77 and (R)-79 did not produce any significant effect 
on the molecular weights of the polymers. UV spectroscopic study of these poly¬ 
mers showed that polymers (R)-80 and (R)-81 had longer-wavelength absorption 
than (R)-78, because of the longer conjugation in the repeating units of (R)-80 
and (R)-81. Table 11.11 gives electronic absorption and CD data for the polymers. 
The fluorescence spectra of (R)-81 in solvents including methylene chloride, ben¬ 
zene, and hexane were studied; the polymer showed the most intense fluorescence 
signal in hexane, with at 491 nm. 
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Pd(OAc) 2 , Cul, P(o-tolyl) 3 , BHT 


Et 3 N, DMF/THF, 90 °C 



Table 11.11 

Spectral data for polymers 

(f?)-78, (R )-80 and (R)-81 

in chloroform. 


(R)-78 

(R)-80 

(R)-81 

(e) ™ 

263 (4.73 X 10 4 ) 

3 76 (2.88 X 10 4 ) 

263 (4.25 X 10 4 ) 

3 97 (2.83 X 10 4 ) 

260 (6.34 X 10 4 ) 

401 (5.25 X 10 4 ) 

[9] (\, nm) 

-6.78 X 10 4 (275) 

-1.48 X 10 5 (275) 

-1.28 X 10 5 (277) 


11.3.5 

Chiral Polymers Containing Side-Chain Phenyleneethynylenes 

1,1'-Binaphthyl compounds contain two chiral grooves, major and minor, as indi¬ 
cated in the case of the structure of (R)-82 (Scheme 11.29). All the polymers dis¬ 
cussed in the previous sections were obtained by polymerization at the major 
grooves of the binaphthyl monomers. Suzuki coupling between (R)- 82 and 83, 
however, allowed polymerization at the minor groove of the binaphthyl to give poly¬ 
mer (R)-84 (Scheme 11.29) [25]. 

This polymer contained electron-rich side-chain phenyleneethynylene units, in¬ 
corporated in order to conduct an intramolecular cyclization to generate a polycyc¬ 
lic aromatic system as seen in Swager’s work (Scheme 11.30) [26], thanks to the 
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(R)-82: X = OCH 2 OCH 3 



(R)-84: X = OCH 2 OCH 3 , R =p- n C 6 H 13 OPh- 


Scheme 11.29 Synthesis of 
the minor-groove polybinaphthyl 
(R)-84. 


mild conditions and high yield of this reaction. The molecular weight of (R)-84 was 
Mw = 11,200 and Mn = 7300 (PDI = 1.54), its specific optical rotation was 36.8 (c = 
0.1, CH 2 C1 2 ), and its 13 C NMR spectrum displayed two alkyne carbon signals at 
6 94.7 and 98.5. The UV spectrum of (R)-84 gave absorptions at X max (e) = 341 
(4.86 X 10 4 ) and 366 (sh, 3.58 X 10 4 ) nm and had a strong emission at 398 nm. 
The CD spectrum of (R)-84 gave Cotton effects at [0] (A, nm) = 1.90 X 10 5 (258), 
-1.17 X 10 5 (292), and 5.86 X 10 4 (365). 



cf 3 co 2 h 

CH 2 CI 21 r.t. 
>99% yield 


R = p- n C 12 H 25 OPh- 



Scheme 11.30 

Swager’s acid- 

catalyzed 

cyclization of 

arylalkynes 

to provide 

polyaromatic 

compounds. 


Polymer (R )-84 was treated with CF 3 C0 2 H in methylene chloride by Swager’s 
method to generate polymer (R)- 85, through intramolecular cyclization of the elec¬ 
tron-rich side-chain alkynes (Scheme 11.31). 

NMR spectroscopic examination of polymer (R )-85 showed that the CH 3 OCH 2 
protecting groups of (R)-84 had been removed under the acidic conditions of 
this step, and the alkyne carbon signals of (R)-84 had also disappeared in (R)- 85. 
Polymer (R )-85 was still soluble in common organic solvents, and GPC gave its 
molecular weight as Mw = 17,900 and Mn = 10,500 (PDI = 1.7). The difference 
in molecular weight between (R)-84 and (R )-85 is ascribed to their different struc- 
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(R)-84 



CF 3 C0 2 H 

CH 2 CI 2 

rt 


(R)-85: R=p-"C 6 H 13 OPh- 

Scheme 11.31 Synthesis of the minor-groove polybinaphthyl (R)- 84. 


tures relative to the polystyrene standards. Because of the dark brown color of this 
polymer, its optical rotation fluctuated at around -530 (c = 0.1, CH 2 C1 2 ). The UV 
spectrum of (R)- 85 showed large red shifts in absorptions relative to those of 
(R)-84, with X max (c) = 344 (7.33 X 10 4 ) and 453 (1.26 X 10 4 ) nm. The fluorescence 
of (R)- 85 was observed at 521 nm, which was 123 nm red-shifted from that of (R)- 
84. The CD spectrum of (R)- 85 gave inverted signals at long wavelengths relative to 
those of (R)-84, with [0] (X, nm) = 1.23 X 10 5 (268), 7.49 X 10 4 (330), and -6.98 X 
10 4 (360). All these data supported the formation of planar fused polyaromatic 
repeating units in (R)- 85. The enantiomerically pure binaphthyl units of (R)- 85 
and its fused aromatic rings would force the polymer chain to adopt a propagating 
helical chain structure as shown in Figure 11.4. 



A side view 



Viewed along the helical axis 


Figure 11.4 An energy-minimized molecular modeling 
structure for (R )-85 (PCSpartan-Pro semiempirical AMI, 
the R groups are replaced with hydrogens). 
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The fluorescence of (R)- 85 was efficiently quenched in the presence of the amino 
alcohol (lR,2S)-(-)-N-methylephedrine (86). When 1.0 X 10 -5 m solutions of (R)- 85 
and (R)-BINOL in methylene chloride were treated with 3.0 X 10 -2 m 86, the fluor¬ 
escence quenching I 0 /I was 3.4 for (R)- 85 and 1.3 for (R)-BINOL, so the amino 
alcohol quenched the fluorescence of polymer (R)- 85 much more efficiently than 
that of (R)-BINOL. This could be ascribed to energy migration in the helical poly¬ 
mer (R)-85, since quenching at one binding site could be felt by other fluorescent 
units along the polymer chain. The lower rt-7t* band gap in (R)-85 versus BINOL 
could also give rise to more efficient photoinduced electron transfer quenching 
by the amine electrons of 86. The fluorescence quenching of (R)- 85 was enantio- 
selective, with an observed ef (ef: enantiomeric fluorescence difference ratio = 
| Io — I r,sI/I Io — Is.rI) of 1.12. No enantioselectivity was observed for the fluorescence 
quenching of (R)-BINOL by 86. 

The polymer (R)- 88 (Scheme 11.32) was obtained by Suzuki coupling between 
(R)- 87 and 83 [25]. The molecular weight of (R)- 88 was Mw = 14,300 and Mn = 
8700 (PDI = 1.64). Its specific optical rotation was [a] D = -115.7 (c = 0.1, 
CH 2 C1 2 . The UV spectrum of (R)- 88 in methylene chloride gave A max (c) = 281 
(5.53 X 10 4 ) and 3 20 (6.28 X 10 4 ) nm, and this polymer emitted at 408 nm. The 
CD spectrum of (R)-88 gave strong signals at [0] (A, nm) = -1.64 X 10 5 (284), 
8.07 X 10 3 (341), and -4.06 X 10 3 (359). 
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Treatment of (R)-88 with CF 3 C0 2 H in methylene chloride at room temperature 
gave polymer (R)-89 (Scheme 11.32). It was speculated that the cyclization in the 
repeating units of (R)- 88 occurred at the a-positions of the naphthalene rings 
rather than at the (3-positions because of the more reactive nature of the a-positions 
toward electrophilic substitutions. In the 13 C NMR spectra of (R)- 89, both the 
alkyne and CH 3 OCH 2 signals had disappeared. The molecular weight of (R)-89 
was Mw = 17,400 and Mn = 10,200 (PDI = 1.71). The dark brown color of 
(R)-89 also made its optical rotation [a] D fluctuate around -710 (c = 0.1, CH 2 C1 2 ). 

The UV spectrum of (R)-89 showed large red shifts from the absorptions of 
(R)-88, with X max = 3 39 (6.06 X 10 4 ) and 411 (1.03 X 10 4 ) nm, and its emission max¬ 
ima were observed at 450 and 476 (sh) nm, shifted greatly to the red in comparison 
with (R)-88. The CD spectrum of (R)-89 was also very different from that of (R)-88, 
with [6] (X, nm) = -3.54 X 10 3 (273), 1.62 X 10 5 (3 20), and -2.86 X 10 5 (351). The 
long-wavelength Cotton effects were two orders of magnitudes greater than those 
of (R)-88, suggesting a more restricted conformation for the more conjugated 
repeating units of polymer (R)-89. 

Monomer (R)-90, containing a bridging methylene group, was polymerized with 
83 to give polymer (R)-91, which had a molecular weight of Mw = 38,800 and Mn = 
12,100 (PDI = 3.22) (Scheme 11.33). Its specific optical rotation was [a] D = -466.7 (c = 

0.1, CH 2 C1 2 ), much greater than that of (R)-88 and attributed to the bridging methy¬ 
lene groups in the repeating units of (R)-91, restricting the rotation of the binaphthyl 
units around the 1,1'-bond and greatly reducing the conformational flexibility. 

Treatment of (R)-91 with CF 3 C0 2 H gave polymer (R)-92 (Scheme 11.33). The NMR 
spectra of (R)-92 showed that the methylene groups of the polymer were intact after 
the acid treatment, unlike in the conversion of (R)-88 to (R)-89 in which deprotection 
had taken place. GPC of (R)-92 gave Mw = 29,800 and Mn = 11,400 (PDI = 2.61). 

The UV, fluorescence, and CD spectroscopic data of polymers (R)-84, (R)-85, (R)- 
88, (R)-89, (R)-91, and (R)-92 are summarized in Table 11.12. Large red shifts in 
the absorption and emission values were observed after the transformation from 
(R)-91 into (R)-92. The CD spectrum of (R)-92 also gave inverted signals in relation 
to those of (R)-91 at long wavelengths, similar to those observed in the conversion 
of other side-chain phenyleneethynylene polymers into the helical polybinaphthyls. 


Table 11.12 Spectral data for the polymers (R)-84, (R)-85, (R)-88, (R)- 89, (R)-91, and (R)-92 in methylene chloride solution. 


Polymer 

(R)-84 

(R)-85 

(R)-88 

(R)-89 

(R)-91 

(Rj-92 

UV 

X max (e) nm 

341 (4.86 X 10 4 ) 
366 (sh, 

3.58 X 10 4 ) 

344 (7.33 X 10 4 ) 
45 3 (1.26 X 10 4 ) 

281 (5.53 X 10 4 ) 

3 20 (6.28 X 10 4 ) 

3 3 9 (6.06 X 10 4 ) 
411 (1.03 X 10 4 ) 

268 ( 5.28 X 10 4 ) 

3 1 5 ( 7.23 X 10 4 ) 

372 (sh, 3.47 X 10 4 ) 

330 (7.14 X 10 4 ) 
410 (1.28 X 10 4 ) 

Fluorescence 
Xemi (nm) 

398 

521 

408 

450 

476 (sh) 

408 

455 

484 (sh) 

CD 

[0] (X, nm, 

1.0 X 10” 5 m) 

1.90 X 10 5 (2 5 8) 
-1.17 X 10 5 (292) 
5.86 X 10 4 ( 3 65) 

1.23 X 10 5 (268) 
7.49 X 10 4 ( 3 3 0) 
-6.98 X 10 4 (3 60) 

-1.64 X 10 s (284) 
8.07 X 10 3 ( 341) 
-4.06 X 10 3 (3 59) 

-3.54 X 10 3 (273) 
1.62 X 10 5 (320) 
-2.86 X 10 5 (351) 

3.90 X 10 4 (25 2) 
-1.75 X 10 s (289) 
2.80 X 10 4 ( 3 3 7) 

1.56 X 10 5 (241) 
-8.19 X 10 4 (2 77) 
-4.76 X 10 4 ( 303) 
6.05 X 10 4 (324) 
-2.49 X 10 5 ( 3 5 0) 
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11.4 

Summary 

A variety of chiral acetylenic dendrimers and polymers have been synthesized by 
utilization of the chirality of 1,1'-binaphthyls, the main synthetic method used 
to construct these chiral acetylenic macromolecules being Sonogashira coupling 
between terminal alkynes and aryl bromides or iodides. Various sets of reaction 
conditions for the polymer synthesis have been explored, and chiral macrocycles 
can also be obtained. Since these materials can be made soluble in organic solvents 
through the introduction of various alkyl substituents, a number of spectroscopic 
methods have been used for their characterization. Preliminary explorations of ap¬ 
plications of these dendrimers and polymers as asymmetric catalysts, enantioselec- 
tive fluorescent sensors, and nonlinear optical materials have been conducted. The 
light-harvesting properties of the dendrimers have produced large signal amplifica¬ 
tion in enantioselective fluorescent sensing. 
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n.5 

Experimental Procedures 

11.5.1 

Preparation of the Chiral Dendrimers - A Typical Procedure 

THF (10 mL) and Et 3 N (15 mL) were added to a mixture of (S)- or (R)-7 (0.3 mmol) 
and the alkyne dendron 3, 4, or 5 (1.56 mmol, 1.3 equiv. per bromo unit). After this 
solution had been degassed by bubbling with N 2 for 30 min, Pd(PPh 3 ) 4 (50 mg) and 
Cul (15 mg) were added. The mixture was heated at 70 °C for 24 h and then 
allowed to cool to room temperature. Hexanes were used for extraction, and the 
organic layer was washed with HC1 (1 n), brine, saturated NaHC0 3 , and brine. Eva¬ 
poration of the solvent gave a yellow solid, which was subjected directly to hydro¬ 
lysis with a mixture of KOH (1.12 g), THF (50 mL), MeOH (20 mL), and H 2 0 
(10 mL) at room temperature for 12 h. Hexanes were added, and the mixture 
was neutralized with HC1 (1 n). The organic layer was then washed with brine, 
saturated NaHC0 3 , and brine. Evaporation of the solvent gave a yellow solid. 
Flash chromatography on silica gel (eluent: hexanes/EtOAc = 100:1.25 to 100:5) 
gave the desired dendrimers in 82-90% yields as pale yellow solids. 

11.5.2 

Preparation of the Chiral Polymer (R)-18e 

A mixture of (R)-23 (210 mg, 0.25 mmol), 1,4-diiodobenzene (83 mg, 0.25 mmol), 
triethylamine (2 mL), and toluene (8 mL) in a 50 mL flame-dried Schlenk flask was 
degassed by bubbling with N 2 for 30 min. The flask was then placed in a dry-box, 
and tetrakis(triphenylphosphine)palladium(0) (14.4 mg, 0.013 mmol) and cuprous 
iodide (2.4 mg, 0.013 mmol) were added. After the reaction mixture had been 
heated under reflux under nitrogen for 48 h, it was filtered at room temperature 
to remove triethylammonium bromide precipitate. The salt was rinsed with diethyl 
ether, and the combined filtrates were evaporated to dryness. The residue was dis¬ 
solved in a minimum amount of methylene chloride, which was then poured into 
methanol (75 mL) to precipitate out the polymer. This process was repeated once 
more. The resulting polymer was separated by centrifugation and dried under 
vacuum to give (R)-18e as a yellow solid in 96 % yield. 
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11.5.3 

Preparation of the Chiral Polymer (R)-45 

A 50 mL flame-dried Schlenk flask was loaded under nitrogen with (R)-23 (210 mg, 
0.25 mmol), 44 (82 mg, 0.25 mmol), triethylamine (1 mL), and THF (4 mL). The 
resulting solution was degassed for by bubbling with N 2 30 min, and tetrakis- 
(triphenylphosphine)palladium(O) (14.4 mg, 0.013 mmol) and cuprous iodide 
(2.4 mg, 0.013 mmol) were then added in a dry-box. After this reaction mixture 
had been stirred at room temperature for 2 d, it was filtered to remove the insolu¬ 
ble triethylamine hydrobromide salt. The salt was rinsed with diethyl ether until 
the filtrate was clear. The combined filtrate was evaporated to dryness to give a 
brown residue, which was dissolved in a minimum amount of CH 2 C1 2 and preci¬ 
pitated twice with methanol (75 mL). After filtration and drying under vacuum, 
(R)-45 was obtained as an orange solid in 83% yield (208 mg). 

11.5.4 

Preparation of the Helical Polymer (R)-85 

Preparation of polymer (R)-84. In a dry-box, THF (6.0 mL) and degassed aqueous 
K 2 C0 3 (2.0 mL, 1.0 m, 2.0 mmol) were added to a mixture of (R)-82 (188 mg, 
0.3 mmol), 83 (191 mg, 0.30 mmol), and Pd(PPh 3 ) 4 (21 mg, 0.018 mmol). The re¬ 
action mixture was heated at reflux for under N 2 90 h. The solvent was then 
removed under vacuum, and the residue was redissolved in CH 2 C1 2 (30 mL). 
The solution was washed with H 2 0 (3 X 30 mL) and brine, and dried over 
Na 2 S0 4 . After filtration and removal of solvent, the sticky residue was dissolved 
in a minimum amount of CH 2 C1 2 . The polymer was precipitated out with the addi¬ 
tion of hexane. This procedure was repeated twice more to afford polymer (R)-84 as 
an orange solid in 91% yield (230 mg). 

Conversion of (R)-84 to (R)-85. Trifluoroacetic acid (0.69 mL, 8.9 mmol) was 
added under nitrogen at room temperature to a solution of polymer (R)-84 
(150 mg, 0.18 mmol) in CH 2 C1 2 (20 mL). The color of the solution changed 
from yellow to dark green within 1 h. After having been stirred overnight, the so¬ 
lution was washed with 10% NaHC0 3 (3 X 20 mL) and H 2 0 (2 X 20 mL), and 
dried over Na 2 S0 4 . After filtration and removal of solvent, the sticky residue was 
dissolved in a minimum amount of CH 2 C1 2 . The polymer was precipitated out 
with the addition of hexane. This procedure was repeated twice more to afford poly¬ 
mer (R)-85 as a dark brown solid in 95 % yield. 
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interchain electronic coupling 238 

intermolecular cyclotrimerization 314 

interpolymer electronic coupling 244 

interpolymer interactions 240 

interstellar material 7, 411 
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laser desorption 377 
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- equation 293, 403 

light harvesting 250, 254, 431 
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linear polyyne 397 
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lock and key principle 427 
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macrocyclic metal ligand 431 
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Me 3 Si group 

- 1,2-shift 164 
metal acetylide 8, 105 

- addition to cyclic N-acyliminium ion 
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- mechanism 115 
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methanofuller ene 334 
2-methoxy-3-alkyn-l-ol 53 
2-methyl-3-butyn-2-ol 322, 462 
methyl viologen 247 
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oblique arrangement 244 
oblique net 439 
octaethynylcyclotetraene 37 
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octupolar material 477 
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- bow-tie 368 

- bucky onions, conversion to 345 

- bucky tubes, conversion to 345 
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- differential scanning calorimetry 340 
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- dynamic behavior 363 
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- molecular cavity 369 
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phenyltetraacetylene macrocycles 374 

- strained annulene 376 
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- Diels-Alder addition 373 

- photophysical properties 373 
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photoinduced electron transfer 
quenching 488 
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polarization dependence 480 
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- one-dimensional random walk 248 
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polydiacetylene macrocycle 

- theory 23 

poly diacetylene 278 

- theory 9 

polyketide synthesis 110 
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- mechanism 159 
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copolymer 254 
polytetrafluoroethylene 395 



Index 


505 


polythiophene 238 
polytriacetylene 278 

- theory 9 
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- bond length alternation 5 
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- crystal packing 290 

- crystal structure 278, 280, 290, 406, 408 

- cyano functionalized 358 

- cyano-substituted 6, 403 
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- differential scanning calorimetry 291 
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- endgroup effect 400 
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- NLO material 6, 296 

- nonlinearity parameter 9 

- oscillator strength 292 
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- steric protection 400 
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- diastereoselectivity 191 
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protected diacetylene 361 
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- third-order optical nonlinearity 10 
pumiliotoxins 79 
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P-D-pyranosylacetylene 186 

4 -ethynyl-a-D-pyranosylacetylene 202 
pyranosylacetylene 

- cobalt complex 212 

- crystal structure 201 
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spectroscopy 400 
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ribofluranosylacetylenes 183 
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second harmonic circular difference 
effect 482 
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solute-substrate interaction 444 



solvophobic association 435 
solvophobic effect 358 
Sonogashira coupling 102, 234, 259, 307, 
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stereoselective synthesis 276 
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